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The mass spectra of the D, meson is obtained in the framework of the relativistic independent quark
model using a Martin-like potential for the quark confinement. The predicted excited states are in good
agreement with the experimental results as well as with the lattice and other theoretical predictions.
The spectroscopic parameters are employed further to compute the decay constant, electromagnetic
transition and leptonic decay widths. The present result for its decay constant, fp (252.82 MeV) is in
excellent agreement with the value 252.6 &= 11.1 MeV reported by CLEO-c. The predicted branching
ratios for (D, — 70, up,) (5.706 x 1072,5.812 x 1073) are in close agreement with the values
[(5.43 4+ 0.31) x 1072, (5.90 + 0.33) x 1073] reported in Particle Data Group. The Cabibbo favored
semileptonic branching ratio of [D; — ¢etv,(2.01%)] and that of the hadronic decay [D; — ¢z (4.62%))
are in very good agreement with the respective Particle Data Group values, and the branching ratio
[Dy - K°2%(2.16 x 1073)] is in very good agreement with the branching ratio of (2.40 4 0.18) x 1073

reported by Belle collaboration.
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I. INTRODUCTION

Having played a major role in the foundation of QCD,
heavy hadron spectroscopy has witnessed in the past few
years a renewal of interest due to many new states observed
in recent years. The remarkable progress at the experi-
mental [1] side, with various high energy machines at
BABAR, BELLE, BES-III, B-factories, Tevatron, ARGUS
collaborations, CLEO, CDF, SELEX, D@ etc., for the study
of hadrons has opened up new challenges in the theoretical
understanding of hadrons containing one or more heavy
flavor quarks. Many of the newly discovered states in the
heavy flavor sector do not really fit into our understanding
of the conventional mesons. Thus, understanding the
structure of these exotic states, particularly the new states
Z.(3900) [2], Y(4260) [2] etc. above the DK (D*K)
threshold attracted considerable interest in the field of
hadron spectroscopy very recently. Apart from the chal-
lenges posed by the exotics, there are also many states
which are the radial and orbital excited states of the known
hadrons or admixtures of their nearby states. Particularly,
the discoveries of new resonances of D, states such as
D(2638) [3], D,(2710) [4], D4(2860) [5], D,(3040) [5]
etc., have further generated considerable interest towards
the spectroscopy of this double open flavor mesons. Study
of the D, meson carries special interest as it is a hadron
with two open flavors (c,§) that restricts its decay via
strong interactions. These particles thus provide us a clean
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laboratory to study electromagnetic and weak interactions.
The masses of low-lying 1S and 1P; states of D mesons
are recorded both experimentally [1] and theoretically
[6-15]. However, the existing results on excited heavy-
light mesons are partially inconclusive and even contra-
dictory in several cases.

Thus, any attempts towards the understanding of these
newly observed states become very important for better
understanding the quark-antiquark dynamics within the Qg
bound state. So, a successful theoretical model can provide
important information about the quark-antiquark inter-
actions and the behavior of QCD within the doubly open
flavor hadronic system. Though there exist many theoreti-
cal models [6-9] to study the hadron properties based on its
quark structure, the predictions for low-lying states are off
by 60—90 MeV with respect to the respective experimental
values. Moreover, the issues related to the hyperfine and
fine structure splitting of the mesonic states; their intricate
dependence with the constituent quark masses and the
running strong coupling constant are still unresolved.
Though the validity of nonrelativistic models is very well
established and significantly successful for the description
of heavy quarkonia, disparities exist in the description of
meson containing light flavor quarks or antiquarks.

Apart from the successful predictions of the mass
spectra, validity of any phenomenological model depends
also on the successful predictions of their decay properties.
For better predictions of the decay widths, many models
have incorporated additional contributions such as radiative
and higher order QCD corrections [14,16—19]. Thus, in this
paper we make an attempt to study properties like mass
spectrum, decay constants and other decay properties of the

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.90.014009
http://dx.doi.org/10.1103/PhysRevD.90.014009
http://dx.doi.org/10.1103/PhysRevD.90.014009
http://dx.doi.org/10.1103/PhysRevD.90.014009

MANAN SHAH, BHAVIN PATEL, AND P.C. VINODKUMAR

D, meson based on a relativistic Dirac formalism. We
investigate the heavy-light mass spectra of the D(c5)
meson in this framework with Martin-like confinement
potential.

Along with the mass spectra, the pseudoscalar decay
constants of the heavy-light mesons have also been
estimated in the context of many QCD-motivated approx-
imations. The predictions of such methods cover a wide
range of values [20,21]. It is important to have a reliable
estimate of the decay constant as it is an important
parameter in many weak processes such as quark mixing,
CP violation, etc. The leptonic decay of charged meson
is another important annihilation channel through the
exchange of the virtual W boson. Though this annihilation
process is rare, they have clear experimental signatures due
to the presence of highly energetic leptons in the final state.
There exist experimental observations of the leptonic
decays of D, meson. The leptonic decays of mesons entail
an appropriate representation of the initial state of the
decaying vector mesons in terms of the constituent quark
and antiquark with their respective momenta and spin. The
bound constituent quark and antiquark inside the meson
are in definite energy states having no definite momenta.
However, one can find out the momentum distribution
amplitude for the constituent quark and antiquark inside
the meson immediately before their annihilation to a
lepton pair. Thus, it is appropriate to compute the leptonic
branching ratio here and compare our result with the
experimental values as well as with the predictions based
on other models.

II. THEORETICAL FRAMEWORK

The quark confining interaction of meson is considered
to be produced by the nonperturbative multigluon mecha-
nism and this mechanism is unfeasible to estimate theo-
retically from first principles of QCD. On the other hand,
there exists ample experimental support for the quark
structure of hadrons. This is the origin of phenomenologi-
cal models which are proposed to understand the properties
of hadrons and quark dynamics at the hadronic scale. In this
context for the present study, we assume that the constituent
quarks inside a meson are independently confined by an
average potential of the form [22]

V(r) =51+ 7)) (r’ + V). (1)

N[ =

To first approximation, the confining part of the interaction
is believed to provide the zeroth-order quark dynamics
inside the meson through the quark Lagrangian density,

£900 =y (0) |5 70, = V() = mwy(0). (2)

In the stationary case, the spatial part of the quark wave
functions w(7) satisfies the Dirac equation given by
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3)

The solution of the Dirac equation can be written in two
component (positive and negative energies in the zeroth
order) form as

[PEy =7 P=my = V(r)ly,(7) = 0.

(+)
vt = (V1. )
where
)7y — ig(r)/r X
Wnlj (I”) _Nn1j<(0'?’)f<r)/r>yljm( )’ (5)

and N,; is the overall normalization constant. The
normalized spin angular part is expressed as

N 1
Vijm(F) = Z <l,m1,§,ms

my,mg

(7)

. my . mg
],mj>Yl )(% .

Here the spinor yi, —are eigenfunctions of the spin

operators,
(1 (0

The reduced radial part g(r) of the upper component and
f(r) of the lower component of Dirac spinor y,,;(r) are the
solutions of the equations given by

(8)

2 r K(K
T4 (B + mlEw = my = VO] - gt
=0 ©
and
L1018+ m) i = m = v -] 10
=0. (10)

It can be transformed into a convenient dimensionless
form given as [23]

dzdgpfzp)ﬂL [e—pm—K(K;U]g(p):O (1)
and
P epr - s 0 2
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In terms of dimensionless variable p = (r/ry) with the
arbitrary scale factor chosen conveniently as

ro=[imy+ 500 (13

and a corresponding dimensionless energy eigenvalue
defined as

21

€= (Ep—m,—Vo)(m, + Ep)r (%)m (14)

Here, it is suitable to define a quantum number x by
—(+1)==(G+3) forj=1+1
K‘_{( ?1( ) . 12 (15)
l:+(j+§) fOI'.]Zl—E.
Equations (11) and (12) now can be treated similar to the
radial Schrodinger equation with a potential p* which can
be solved numerically [24].
The solutions g(p) and f(p) are normalized to get

A?ﬁm+¢MMnﬂ. (16)

The wave function for a D,(c5) meson now can be
constructed using Eqgs. (5) and (6) and the corresponding
mass of the quark-antiquark system can be written as

My, = ES + EJ, (17)

where EZQ)/ 1 are obtained using Egs. (14) and (15). For
the spin triplet (vector) and spin singlet (pseudoscalar)
state, the choices of (ji, j») are ((/; +14).(/; +3)) and
(I +14).(I; = %)) respectively. The previous work of
independent quark model within the Dirac formalism by
[22] has been extended here by incorporating the spin-spin,
spin-orbit and tensor interactions of the confined one-gluon
exchange potential (COGEP) [25,26], in addition to the
j — j coupling of the quark-antiquark. Finally, the mass of
the specific 25*!L; states of the Qg system is expressed as

MZX“L,:MQq(nllljl,nzlzjz)+(ngléz>+<VLQ§7>+<V£q>~
(18)
The spin-spin part is defined here as

(Vi (r)) = o(jrjaIM\j\ J2j1j2I M) (19)
o (Eq +mg)(Eg + mg)

where ¢ is the j — j coupling constant. The expectation
value of (j,j,JM|J| /> |j1j»JM) contains the (j,j,) cou-
pling and the square of Clebsch-Gordan coefficients. The
tensor and spin-orbit parts of the confined one-gluon
exchange potential (COGEP) [25,26] are given by
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N%N?

Vool =~ e T
4 (Eg+my)(E; +my)

® Aoty < (DlT(r) - D;E,r)> SQq) . (20)

where Sy, = [3(6o7)(057) — 690;] and F = 7o — 7 is the
unit vector in the direction of 7 and

a NGN; dohg
(Eg +mg)(E; +mg) 2r
® [[rx (Po = Pg)log + 0y)|(Dy(r) + 2D} (r))
+[rx(Po + Pg)(og = 6)|(Dy(r) = D'y (r))],
(1)

LS( — %s
Via(r) 2

where a, is the strong coupling constant and it is
computed as

4
a, = B (22)

_2 £y
(11 =5ny) log(AéCD)

with ny =3 and Agcp = 0.150 GeV. In Eq. (21) the
spin-orbit term has been split into symmetric (c¢ + o,)
and antisymmetric (65 — 6,) spin-orbit terms.

We have adopted the same parametric form of the
confined gluon propagators which are given by [25,26]

D) = (L )ewi-ri) @

and
Dy(r) = Lexp(~rci/2) (24)
with @, =0.036, @, =0.056, ¢, =0.1017 GeV,

cy = 0.1522 GeV, y =0.0139. Other optimized model
parameters employed in the present study are listed in
Table I. The computed S-wave masses and other P-wave
and D-wave masses of D, meson states are listed in
Tables II and III respectively. A statistical analysis of the
sensitivity of the model parameters [i.e., potential strength

TABLE I. The fitted model parameters for the D, systems.

System parameters D,

Quark mass (in GeV) my; = 0.1 and m, = 1.27

Potential strength (1) 2.2655 + B GeV¥t!

Vo —2.6155 GeV

Centrifugal parameter (B) (n%0.153) GeV~! for I =0

((n+1)%0.1267) GeV~! for [ #0
0.0055 GeV? for [ =0
0.2696 GeV3 for [ #0

o (j — j coupling strength)
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TABLE II. S-wave D, (c5) spectrum (in MeV).
Experiment
nL  JP  State My, (VQE)  Present Meson Mass [1] R71° [28° [5°  [29)°
1S 1- 135, 21132 0.73 2113.9 D: 211234+ 0.5 2111 2117 2107
0~ 1's,  1970.1  —1.84 1968.3 s 1968.49 + 0.32 1969 1970 1969
28 1- 23§, 27173 0.46 2717.8  D:(2710) 2710702 [30,31] 2728 2731 2723 2714
0~ 2's, 26346 —1.06 26335 D (2632) 26325+ 17[3] 2656 2688 2684 2640
3 10 33§, 32635 0.33 3263.8 3200 3242 3180
0~  3's, 32032 —0.75 3202.4 3140 3219 3158
48 1= 438, 37814 0.25 3781.6 3669 3571
0~ 4's, 37327 057 3732.1 3652 3556

*Semirelativistic model.
bQuasipotential approach.

‘Relativistic quark-antiquark potential (Coulomb plus power) model.

Nonrelativistic constituent quark model.

(4) and j — j coupling strength & in the present case] shows
about 0.76% variations in the binding energy with 5%
changes in the parameters 1 and o. Figure 1 shows the
energy level diagram of D, meson spectra along with
available experimental results.

III. MAGNETIC (M1) TRANSITIONS OF OPEN
CHARM MESON

Spectroscopic studies led us to compute the decay widths
of energetically allowed radiative transitions of the type

A — B + y among several vector and pseudoscalar states of
D, meson. The magnetic transition corresponds to spin flip
and hence the vector meson decay to pseudoscalar V — Py
represents a typical M1 transition. Such transitions are
experimentally important to the identification of newly
observed states. Assuming that such transitions are single
vertex processes governed mainly by photon emission from
independently confined quark and antiquark inside the
meson, the S-matrix elements in the rest frame of the initial
meson are written in the form

TABLE IIl. P-wave and D-wave D, (c5) spectrum (in MeV).
Experiment
nL JP  State My, (V’Q'(fﬁ (vly  (VES)  Present Meson Mass [1] [271  [28]1 [15] [29]
1P 2t 13P, 25209 1924 -3.71 4823 25847 D(2573) 25719+ 0.8 2571 2566 2559
1t 1’°P, 25209 25.65 18.54 —48.23 25169 D, (2536) 2535.12+0.13 2536 2540 2510
0t 1’P, 25209 -38.47 -37.08 —96.46 2349.0 D (2317) 2317.8 £ 0.6 2509 2444 2344
1+ 1Py 24217 13.84 0 0 2435.6 Dy (2460) 2459.6 + 0.6 2574 2530 2488
2P 2t 23P, 30183 13.87 —-6.28 81.75 3107.6 3045 3142 3048 3040
1t 23p, 30183 1850 3140 -81.75 2986.4  D,;(3040) 3044f930 [5] 3040 3067 3019 2958
0t 23P, 30183 -27.75 -62.8 —163.51 2764.3 2970 3054 2947 2830
17 2'P, 29494 9.64 0 0 2959.0 3020 3154 3023 2995
3P 2t 33P, 34797 1076 -8.53 111.06 3593.0 3580
1t 33P, 34797 1434 4264 —111.06 3425.6 3519
0t 3%P, 3479.7 -21.51 -8527 -222.13 3150.9 3513
1t 3P, 34260 7.37 0 0 34334 3618
ID 3~ 13Dy 29527 -21.79 -0.03 0.49 29314  D%,(2860) 286256 [5] 2840 2971 2834 2811
2= 13D, 29527 -64.74 0.11 -0.25 2887.8 2885 2961 2816 2788
1= 1°D, 29527 —109.81 -0.11 —0.75 2842.0 2870 2913 2873 2804
2= 1'D, 28743 -2.65 0 0 2871.6 2828 2931 2896 2849
2D 3~ 23D, 34237 -1572 -0.03 0.52 3408.4 3285 3469 3263 3240
2= 23D, 34237 —46.71 0.11 -0.26 3376.8 3456 3248 3217
1- 23D, 34237 -7923 -0.11 —0.79 3343.5 3290 3383 3292 3217
2= 2D, 33637 —1.87 0 0 3361.8 3403 3312 3260
3D 3= 3°D; 38709 —12.06 —0.04 0.60 3859.4
2= 3°D, 38709 -35.85 0.13 -0.30 3834.9
1- 3°D, 38709 -60.80 —0.13 —-091 3809.1
2= 3'D, 38217 -—142 0 0 3820.3
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4000 . T . T . T T
—~ —Our resul —_—
2 4504, — D 37Dy
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FIG. 1 (color online). D, meson spectra.

Swa = (Br1 = e [ aixr| e v (1,00 |14 )
q 25)

The common choice of the photon field A, (x) is made here
in Coulomb gauge with ¢(k, 1) as the polarization vector of

K)

in the rest frame of A. The quark field operators find

the emitted photon having energy momentum (k, =

possible expansions in terms of the complete set of positive
and negative energy solutions given by Egs. (5) and (6) in
the form

W, (x) = Y [bgew' ) () exp(—iE 1)

¢
bl () expliE 1), (26)

where the subscript ¢ stands for the quark flavor and ¢
represents the set of Dirac quantum numbers. Here b, and
bgg are the quark annihilation and the antiquark creation
operators corresponding to the eigenmodes {. After some
standard calculations (the details of calculations can be
found in Refs. [32-34]), the S-matrix elements can be
expressed as

Spa = iy < S(Ep +k—Ey) Z (B[, (K. ﬂ)bgm bgm

q.mm’

|A). (27)

—J7 (k, )b am Dam]
Here E, = My, Ez = +\/k* + M% and (m,m’) are the
possible spin quantum numbers of the confined quarks
corresponding to the ground state of the mesons. We have

PHYSICAL REVIEW D 90, 014009 (2014)

= e, [ & rexpl=k D) (17E(k (1)
(28)

J9 (k. A)

m'm

(kA =e, / &1 exp(=ik ) By ()7 €k A)bgns (7).
(29)

One can reduce the above equations to simple forms as

T 2) = =iy ()@ K] (30)
and

Jf’nmxk, D= in DGR 61
where K = k x (k. 4). Equation (27) further simplified to
get

Spa = i\/@a(EB +k—-E,)

Z B|/’lq b(T/GK)(mququ
:;fq b Dol |A), (32)

where yu, (k) is expressed as

k) =52 [7 5w g, gnar. (3

where j, (kr) is the spherical Bessel function and the energy
of the outgoing photon in the case of a vector meson
undergoing a radiative transition to its pseudoscalar state,
for instance, Di — D,y is given by

M3, — M,

The relevant transition magnetic moment is expressed as

L o)

o (k) =
/‘DSDS() 3

— us(K)]- (35)
Now, the magnetic (M1) transition width of D — D,y can
be obtained as

= 2 gy, (P (36)

er;—>D:y
The computed transition widths of low-lying S-wave states
are tabulated in Table VI and are compared with other
model predictions.
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IV. DECAY CONSTANT OF Dg MESON

The decay constant of a meson is an important parameter
in the study of leptonic or nonleptonic weak decay
processes. The decay constant (f,) of the pseudoscalar
state is obtained by parametrizing the matrix elements of
weak current between the corresponding meson and the
vacuum as [35]

(0lgryselP,) = if ,P*. (37)

It is possible to express the quark-antiquark eigenmodes
in the ground state of the meson in terms of the corre-
sponding momentum distribution amplitudes. Accordingly,
eigenmodes, y Aﬂ in the state of definite momentum p and
spin projection s/, can be expressed as

m N
y =Z/d**qu(P’s;),/E—Uq(p’s;)expﬁp P,
s), p

(38)
where U, (p,s’,) is the usual free Dirac spinors.
In the relativistic quark model, the decay constant can be
expressed through the meson wave function G,(p) in the
momentum space [33,36]

3P
T =\2em,7,)
pYp

Here M, is mass of the pseudoscalar meson and 7, and J,
are defined as

(39)

= [ oA G (P)Ga(-p).  (40)
1= [ dpplGa(0Ga(-p). )
respectively, where
E E —p?
A(p) _ ( pl+mq1)( p2+mq2) P : (42)
[EplEpZ(Epl + mql)(Ep2 + ”an)]i
and E, = \/k? +mg .

The computed decay constants of the D, meson from 1§
to 45 states are tabulated in Table VII. The present result for
the 1S state is compared with experimental as well as other
model predictions. There are no model predictions avail-
able for comparison of the decay constants of the 25 to 4S
states.

V. LEPTONIC DECAY OF Dg MESON

Charged mesons produced from a quark and antiquark
can decay to a charged lepton pair when these objects

PHYSICAL REVIEW D 90, 014009 (2014)

FIG. 2. Feynman diagram for leptonic decay (M — ;).

annihilate via a virtual W* boson as given in Fig. 2. Though
the leptonic decays of open flavor mesons belong to rare
decay [38,39], they have clear experimental signatures due
to the presence of highly energetic leptons in the final state.
Such decays are very clean due to the absence of hadrons in
the final state [40]. The leptonic width of the D, meson is
computed using the relation given by

Gt ., 2,2 mi \?

P(0F = 1) = S 13 Ve (1= 07 b, (43)
in complete analogy to z* — [Tv. These transitions are
helicity suppressed; i.e., the amplitude is proportional
to m;, the mass of the lepton /. The leptonic widths of
the D, (1!, state) meson are obtained from Eq. (43) where
the predicted values of the pseudoscalar decay constant f,
along with the masses of Mj and the PDG value for
V.. = 1.006 are used. The leptonic widths for the separate
lepton channel are computed for the choices of m;_. .
The branching ratio (BR) of these leptonic widths is then
obtained as

BR =T(D, — I'y;) x t, (44)
where 7 is the experimental lifetime of the D; meson. The
respective leptonic widths are tabulated in Table VIII along
with other model predictions as well as with the exper-
imental values. Our results are found to be in accordance
with the available experimental values.

VI. EXCLUSIVE SEMILEPTONIC AND
HADRONIC DECAYS OF Dg MESON

The exclusive decays of heavy flavor hadrons play an
important role in the determination of fundamental param-
eters of the electroweak standard model and in the develop-
ment of a deeper understanding of QCD. Exclusive decays
into few-body final states are often easier to measure, but
the theory of exclusive processes is more demanding and
hence still underdeveloped. The semileptonic and hadronic
decays in exclusive modes are particularly important for
testing the dynamics of heavy flavors. The Cabibbo favored
semileptonic and hadronic decays of the D, meson and
their form factors are computed here. The form factors
relevant to semileptonic and hadronic decays are related to
the Isgur-Wise function &(w) in heavy flavor symmetry.
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The semileptonic decay of D, mesonis throughc — gl " v,
where g = d, s. The Cabibbo favored semileptonic decay
widths T'(D; = ¢ + [T +v;) and T'(D; — K° + It + ;)
are calculated using the expression given by [41]

2

+ GFM%;- 2 2 (2
LDy = ¢+ 1" +u) =— 5 Ve[ F(O)If7(q7)].
7687
(45)
GEM),
I(Dy —» K+ 1" +v) = —768713“ Veal?f ()13 (g2,
(46)

where f(x) is the phase space correction [35] and is defined
as f(x)=1-8x+8x*—x*—12x’logx, and x is expressed
as, x = (M((/}’KO)/MDS)Z.

Studies of flavor changing decays of heavy flavor quarks
are useful for determining the parameters of the standard
model and for testing phenomenological models which
include strong effects. The interpretation of the hadronic
decays of ¢ meson within a hadronic state is complicated by
the effects of strong interaction and by its interplay with the
weak interaction. The hadronic decays of heavy mesons
can be understood in this model and we assume that
Cabibbo favored hadronic decays proceed via the basic
process (¢ = g + u + d: q € s, d) and the decay widths are
given by [35,42]

G%’lvcs|2|vud|2f/g[
32”M%)5

x WM, My MDPI ()] (47)

I'(Dy = ¢n") = Cy

for ¢ = s and

G%|Vcd‘2|vud|2f72r
32n'M3DS

(D, - K°z") = C;

x (M}, Mo MBI (%) (48)

for g=d. Here, C; is the color factor and
(IVesls IVeals |Viual) are the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrices. f, is the decay constant of the z
meson and its value is taken as 0.130 GeV. Here, £ (¢?) is

)

the form factor and the factor /I(MZX,M%),M,%) can be
computed as
Mx,y,z) =x*+y*+ 22 —xy—yz—zx. (49)

The renormalized color factor without the interference
effect due to QCD is given by (C% + C%). The coefficients
C, and Cp are further expressed as [35]

1
CA_

=5(C +C), (50)
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1
Cp = E(C+ -C), (51)
where
ay My,
C,=1-—1 52
= 1= % (2 (52)
and
M
c_:1+2“S1og< W), (53)
/2 .

where My, is the mass of W meson.

Consequently, the form factors f, (g*) corresponding
to the Dy final state are related to the Isgur-Wise function
as [35]

Mp, + M,
oMy M,

s

(54)

The Isgur-Wise function &(w) can be evaluated according
to the relation given by [42]

) =5 25 (o282 r) ) 69

where E, is the binding energy of decaying meson and  is
given by

2 2 _ 2
P ik (56)
2Mp M,

For a good approximation the form factor f_(g?)
does not contribute into the decay rate, so we have
neglected it here. The heavy flavor symmetry provides
model-independent normalization of the weak form factors
f1(q?) either at ¢ = 0 or ¢ = g and we have applied
q = qmax 10 Egs. (45) and (46) for exclusive semileptonic
decay and g = 0 in Eqgs. (47) and (48) for hadronic decay.
From the computed exclusive semileptonic and hadronic
decay widths, the branching ratios of the D, meson are
obtained from the relation

BR=Txr1. (57)

The lifetime of Dy (zp = 0.5 ps™!) is taken as the world
average value reported by Particle Data Group (PDG-2012)
[1]. The decay widths and their branching ratios are listed
in Table IX along with the known experimental and other
theoretical predictions for comparison.
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TABLE IV. Comparison of center of mass in the D; meson in
MeV.

My Present [37] [28]  Experiment
18 2077.5 20454 4+0.215+0.293 2075.5 2076.3
28 2696.7 2720.2 2690.6
35 3248.4 3236.2

48 3769.2 3664.7

1’P, 25359 2552.4 2531.4
1P 2510.8 2557.8 2513.4
23P;,  3029.0 3107.2

2P 30115 3118.9

TABLE V. Mass splitting in D meson in MeV.

Splitting Present [37] [28] Experiment
138, =15, 1456 133.1+£1.0+19 143 143.84+04
238, =215, 84.3 72+24+1 43

338, -3, 614 23

438, — 418, 49.5 17

D(2317)-1S 2715 3412+7.7+4.8 4335 241.54+0.8
D, (2460)-1S 358.1 459.8+6.4+6.4 498.5 383.2+0.8
D,(2536)-1S 4394 4946+92+69 460.5 459.0+0.5
D, (2573)-1S 5072 536.7+£92+7.5 4955 4963 +1.0
218, - 18 556.0 654.4+26.7+9.2 612.5

238, -18 640.3 726.4 +20.8+10.2 655.5 632.7f69

VII. RESULTS AND DISCUSSION

We have studied here the mass spectra and decay
properties of the D meson in the framework of relativistic
independent quark model. Our computed D; meson spec-
tral states are in good agreement with the reported PDG
values of known states. Though there are many excited
1~ states of D, meson known experimentally, most of them
beyond 1§ states are still not understood completely. In the
case of P-wave states only 1°P,, 1'P,, and 2'P, of the
D, meson are known experimentally. Our results are also
compared with other theoretical model predictions.

The predicted masses of S-wave D; meson state 23S,
(2717.8 MeV) and 2'S, (2633.5 MeV) are in very good
agreement with the experimental result of 27107)% MeV by
BABAR [30] and Belle [31] collaborations and 2638 MeV

PHYSICAL REVIEW D 90, 014009 (2014)

for 2'S, by the SELEX collaboration [3], respectively.
The expected results of other S-wave excited states of
the D, meson are also in good agreement with other
reported values [15,27-29]. The predicted P-wave D
meson states, 1°P, (2584.7 MeV), 1°P; (2516.9 MeV),
1P, (2349.0 MeV) and 1' P, (2435.6 MeV), are in good
agreement with experimental [1] results of 2571.9+
0.8 MeV, 2535.12 £0.13 MeV, 2317.8 £ 0.6 MeV and
2459.6 + 0.6 MeV, respectively. The 23P, (2986.4 MeV)
and D5 (2931.4) are nearly 50-60 MeV off with the
experimental results of 3044 73° MeV [5] and 2862"% MeV
[5]. However, their J¥ values are not yet exactly confirmed.
We consider them here as mixed states. Accordingly, D7,
(2860) is found to be a mixed state of 1°D5 (2931.4) and
13D, (2842.0) with a mixing probability given by cos® § =
0.2013 and that for D,; (3040) as a mixed state of (1°P,
(3107.6) and 2° P, (2764.3) with a mixing probability given
by cos? @ = 0.8030.

In the relativistic Dirac formalism, the spin degeneracy is
primarily broken therefore, to have spin average masses of
the different spectral states we employ the spin averaging
procedure as

y I+ 1M,
VTS 2 +1)

The spin average or the center of weight masses My are
calculated from the known values of the different meson
states and are compared with other model prediction [28]
and those predicted by lattice QCD [LQCD] [37] in
Table IV. It also helps us to know the different spin
dependent contributions for the observed state.

The precise experimental measurements of the masses of
D, meson states provided a real test for the choice of the
hyperfine and the fine structure interactions adopted in the
study of D meson spectroscopy. Recent study of D, meson
mass splittings in lattice QCD [LQCD] [37] using 2 + 1
flavor configurations generated with the Clover-Wilson
fermion action by the PACS-CS collaboration [37] has been
used for comparison. Present results as seen in Table V are
in very good agreement with the respective experimental
values over the lattice results [37]. In this Table, the present
results on an average, are in agreement with the available
experimental value within 6% of variations, while the
lattice QCD predictions [37] show 20% of variations.

(58)

TABLE VI. Magnetic (M1) transition of open charm meson.

k (MeV) I (keV)
Process Present [15] Present PDG [1] [15] [43] [44] [45]
(1S)D; — D,y 141.24 403 0.3443 < 4500 5.98 0.13 0.48 1.12
(2S)D: - Dy 83.48 152 0.0134 0.35
3S)D: —» Dy 61.21 91 0.0030 0.08
(3S)Di —» Dy 49.47 65 0.0010 0.03
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TABLE VII. Pseudoscalar decay constant (fp) of D, systems
(in MeV).
fp

1S 28 3S 4S
Present 252.81 336.56 391.74 433.16
PDG [1] 260.0 +5.4
Belle [46] 25554+42+5.1
BABAR [47] 2586+64+75
CLEO-c [48] 259.04+ 6.2 +3.0
CLEO-c [49] 2526+ 11.1+52
[ocDSR)* [50] 246 + 6
[RPM]* [51] 256 + 26
[QCDSR] [52] 2453 +15.7
[LocD® [53] 244 +8
[LQCD] [54,55] 248.0 £2.5
[LQCD] [56] 260.1+10.8
[LFOM)" [57] 264.5+17.5
[QCDSR] [58] 241 + 12
[RBSM]* [20] 248 +27

*QCD sum rule.

PRelativistic potential model.
“Lattice QCD.

dLight front quark model.
“Relativistic Bethe-Salpeter method.

The magnetic transitions (M1) can probe the internal
charge structure of hadrons, and therefore they will likely
play an important role in determining the hadronic struc-
tures of the D, meson. The present M1 transition widths
of D, meson states as listed in Table VI are in accordance
with the model prediction of [44] while the upper bound
provided by PDG [1] is very wide. We do not find any
theoretical predictions for M1 transition width of excited
states for comparison. Thus we only look forward to see
future experimental support to our predictions.

PHYSICAL REVIEW D 90, 014009 (2014)

The calculated pseudoscalar decay constant (f p) of the D,
meson is listed in Table VII along with other model predictions
as well as experimental results. The value of fp (1) =
252.81 MeV obtained in our present study is in very good
agreement with the experimental values provided by Belle
[46], BABAR [47] and CLEO-c [48,49]. The present value is
also in accordance with other theoretical predictions for the 1.5
state. The predicted f, for higher S-wave states are found to
increase with energy. However, there are no experimental or
theoretical values available for comparison. Anotherimportant
property of D, meson studied in the present case is the leptonic
decay widths. The present branching ratios for D; — 77,
(5.706 x 107?)and D, — uw, (5.812 x 107%) are in excellent
agreement with the experimental results (5.43 +0.31) x
1072 and (5.90 £ 0.33) x 1073 respectively over other theo-
retical predictions vide Table VIII. Large experimental uncer-
tainty in the electron channel make it difficult for any
reasonable conclusion.

The Cabibbo favored semileptonic branching ratios
BR(D; — ¢pe™v,) and BR(D, — ¢z") obtained respec-
tively as 2.01% and 4.62% listed in Table IX are in very
good agreement with PDG values of 2.49 4+0.14% and
4.5+ 0.4% respectively. The BR(D; — K°z"),2.16 x
1073 is also in good accord with the branching ratio of
2.40 £0.18 x 1073 reported by Belle collaboration [60].
While BR(D, — K%*v,),6.6 x 1073 is about 30% off with
respect to the experimental [1] value of 3.7 x 1073, However,
by incorporating the first order QCD correction to the phase
space factor f(x) as [35] f(x) = (f(x) — % g(x)) in Eq. (46),
we obtained the BR (D, — K%*v,), 4.05 x 1073 which is
comparable with the PDG value of (3.7 & 1.0) x 1073,

Finally we look forward to see future experimental
support in favor of many of our predictions on the spectral
states and decay properties of the open charm-strange
meson. We would also like to extend the present scheme
to study other heavy flavor hadrons.

TABLE VIII. The leptonic decay width and leptonic branching ratio (BR) of the D meson.

I'(D, - 7)) (keV) BR
Process Present [36] Present [15] [36] Experiment [1]
D — 10, 7.508 x 1078 6.090 x 1078 5.706 x 1072 422 x 1072 4.3 x 1072 (5.434+0.31) x 1072
Dy — uv, 7.648 x 10~ 6.240 x 1070 5.812 x 1073 425 %1073 441 %1073 (5.90 £0.33) x 1073
D; — ev, 1.792 x 10713 1.362 x 1077 1.00 x 1077 <12x10™
TABLE IX. The exclusive semileptonic and hadronic decay width and branching ratio (BR) of the D, meson.

I['(Dy) (keV) BR

Process Present Present [59] Experiment [1]
D, - ¢etv, 2.646 x 1078 2.01% (2.49 £0.14)%
D, - K%y, 8.694 x 107° 6.60 x 1073 (3.74+1.0) x 1073
D, - ¢n* 4.724 x 1078 4.62% 4.38 +0.35 (4.5+0.4)%
D, — K7+ 2.216 x 10~ 2.16 x 1073 (2.73 £0.26) x 1073 (2.40 £0.18) x 1073 [60]
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