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Abstract In this work, a Hard-Wall AdS/QCD model with
4 flavours is utilized to calculate the transition form fac-
tors for the semileptonic D — (V, A, S) £ vy. These decays
occur by ¢ — d £ vy transition at quark level for DO —
p~(by.,aj,a5) vy, D} — KO(K?A, K?B) Ly decays
while the semileptonic decays DO — K+ (K4, K5, Ky)
Lvpand Dt — IEO(IZ?A, K?B)E v proceed by ¢ — s € vy
transition. The masses and decay constants of scalar mesons
as well as the form factors and the branching ratios of afore-
mentioned decays are calculated in our model, and a compar-
ison is also made between our results and predictions of other
theoretical methods and the existing experimental values.

1 Introduction

Charm mesons are the lightest particles involve a ¢ quark
therefore, their decays are good tools for the study of the
weak interactions. In recent years, experimental develop-
ment has been achieved in considering semileptonic decays
of these groups of mesons. The most valuable measurements
are reported from BES III. In this collaboration analysis are
presented for DT — K%etv,, DT — 7%t v, DO —
7O ut v, DF — ¢et () veqny, DF — n(m) nt vy,
DY = n(n)et v, D’ > K~ ut vy, D — KOG0) oty
D - K%z~ etv,, Dt — £y(500)et v, and D —
peT v, decays [1-9]. In addition, the data extracted from
Belle II collaboration are used to evaluate important observ-
able for D¥* — Dfy, D} — ut(h)vye, DY —
D7+, DO — K~ (™) ¢ty and D° — vyvy decays [10-
12]. On the other hand, Theoretical Studies of D mesons
semileptonic decays are helpful tools to:
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e Consider non-perturbative aspects of hadronic physics,
since charmed mesons masses O(2GeV) are small
enough to apply our studies in this region.

e Estimate elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix.

e Analysis leptonic decay constants of the initial and final
meson states.

e Check the standard model (SM) implying the lattice QCD
simulations to the charmed hadron data.

e Probe the new physics (NP) beyond the SM considering
background-free low-energy signals provided in charmed
meson transitions.

The first step in studying hadronic decays is to evaluate form
factors, which can give an overview from distribution of
hadronic matter and the strong interaction between parti-
cles involved in the transition. The form factors are func-
tions of ¢ where ¢ is the transfer momentum. Having form
factors, theoretical predictions for many observable such as
branching fraction, CP asymmetry, Isospin asymmetry and
Forward-Backward asymmetry can be done. D meson tran-
sitions are studied via different approaches. The covariant
confined quark model (CCQM) framework is utilized to
evaluate form factors of Dt — (DO, ,00, w, n, n)¢* v and
D — (D% ¢, K°, K*, 0, )¢ v decays in [13,14]. The
form factors of D — m (K, p) £ v decays are estimated via
Light-Cone QCD Sum Rules (LCSR) approach in [15-18].
In the LCSR method, operator product expansions (OPE)
on the light-cone are combined with QCD sum rule tech-
niques in the region where ¢? is near zero. In [19], the exper-
imental measurements are used to determine the form fac-
tors of D — K/{v transition. The semileptonic processes
D — m, p, K and K* have been investigated by the heavy
quark effective theory (HQET) in Ref. [20], and the form
factors of the D — m(K, K*)¢ v decays have been calcu-
lated by the lattice QCD (LQCD) approach in Refs. [21-23].
The LQCD can be used to determine the form factors in
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a limited range of g% (¢> — ¢2,,)- The three-point QCD
sum rules (3PSR) framework have been used to consider the
semileptonic decays D) — fo(K§) £v, D) — m(K) Lv,
Dy — K*(p,¢)tv Dy — Ki€v(g = u,d,s) and
D — ay, f1(1285), f1(1420) in [24-34]. The gauge/gravity
correspondence approach, which is inspired from the relation
between a type IIB string theory and super Yang—Mills the-
ory in the large N, limit with ' = 4 [35-37], has been
used to study both gravitational and gauge parts in recent
years. The anti-de Sitter space/quantum chromodynamics
correspondence is developed in 2 ways:

e (AdS/LF QCD): In this approach, the QCD theory is writ-
ten in light-front (LF) coordinate and the Schrodinger-
like wave function equation for a hadron in this coor-
dinate, can be mapped to the equation of motion that
describes the hadrons in the AdS space. The light-front
distribution amplitudes (DAs) are derived from the holo-
graphic light-front wave functions (LFWFs); more infor-
mation is given in [38—43]). This model is utilized to eval-
uate DAs of vector, axial vector and pseudoscalar mesons
and study B meson decays, Electro magnetic form factors
and parton distribution functions (TDMs) in [44-55].

e (AdS/QCD): In this model, used in this paper, corre-
sponding to every field in the gravitational AdSs space,
an operator is defined in 4-dimensional gauge theory.
The hadronic form factors and strong coupling can be
obtained via a connection between the correlation func-
tions involving n currents and the functional differentia-
tion from the 5D action with respect to their n sources.
The masses, electromagnetic and gravitational form fac-
tors of mesons, K3 transition form factors, the strong
couplings gprpp, 8o K K> 8p"K*K*s &pnDD and gpn ps
are estimated via this framework in [56-62,64? —67].
Moreover, (D™, D, A), (D™, D™ V), (Dy, Dy, P),
(¢, D, D™ P) and (¢, D, D™ A) vertices are ana-
lyzed using this model in [68].

The main purpose of this paper is the form factor
investigation for the semileptonic D — (V,A,S) v,
decays with D = (D°, D*,DF), V = (o7, K*), A =
(a; by, K;, KV, K)), S = (ay, Ky, Ko, Ko) and ¢ =
e, u, in a Hard-Wall AdS/QCD model with Ny = 4. In the
model that is used in this study, we can predict the form fac-
tors of charm meson decays in all of the physical range of
g2, which is an advantage of the AdS/QCD model in study-
ing charm meson decays. This paper is organized as follows:
the presented model, including scalar, pseudoscalar, vector
and axial vector mesons, is introduced in Sect. 2. The wave
functions and the decay constant of aforementioned mesons
are also extracted from the model in this section. The form
factors for the semileptonic decays of D — (V, A, S) £y
are derived in Sect. 3., and the numerical analysis for the
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masses and wave functions of mesons as well as the form fac-
tors and branching ratios for considered semileptonic decays
are described in Sect. 4. For a better analysis, a compari-
son is made between our estimations and the results of other
methods and existing experimental values. Finally, Sect. 5 is
reserved for our conclusion and discussions.

2 The Hard-Wall AdS/QCD model involving scalar,
pseudoscalar, vector and axial vector mesons: wave
functions, decay constant and masses

The first step, in our framework, to evaluate form factors or
strong couplings is to estimate wave functions in 5 dimen-
sions for the mesons included in the model. For this aim, the
Anti-de Sitter space metric is chosen as:

R2
ds* = gMN dx™ dxN = Z—z r/MNdxM dxV, (D

where M, N = 0,1,2,3,4 and nyy = diag(l, —1, —1,
—1, —1). Moreover, the warp factor is shown with R, which
can be chosen as R = 1 in pure AdS [69]. In Hard-Wall
AdS/QCD, the AdS space is compactified by two different
boundary conditions on radial coordinate z. The UV bound-
ary at z = ¢ — 0 corresponds to the UV limit of QCD,
and the conformal symmetry of QCD is broken by locat-
ing a wall at z = z,,,, which also simulates the confinement
feature of QCD. According to the general philosophy of the
AdS/QCD, every operator in the 4D field theory corresponds
to a 5D source field in bulk. Here, the correspondences are:

LM o P =gyt i qr,

RM% J;;’a =gry"tqr,
X < qLqr, )
where L(R)"*“%, X and q are the Ny left-handed (right-
handed) gauge, scalar and quark field, respectively. More-

over, gr/g = (1 £ ys5)q and for SU(Nf) group ¢ (with
a=1,... N% — 1) are the generators by the trace condi-

tion Tr(z* t?) = 1/28%. In this paper, the 5D action with
SU(Nf)L® SU(N f)g symmetry is considered as [69]:

S = /d5x @Tr{(DMX) (DM X)" +31x)?

1
—— (LN Lyn + R™Y Ryn) | 3)
i )
where the field strengths are defined by:

Lyn =0yLy —OnLy —i[Ly, Ly],
Ryn = 0yRN — ONRy — i [Ry, Rn1, @
with Ly = L9, t and Ry = R}, t“. Moreover, the non-

abelian gauge fields and the scalar one interact through the
covariant derivative Dys X = 0y X —i Ly X +i X Ry. Vector
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(V) and axial vector (A) fields can be written in terms of right-
hand gauge fieldsas V = (L + R)/2and A = (L — R)/2.
In the above definitions, N is the number of flavours, and
here we take Ny = 4, which means all of the light, strange
and charmed mesons are included in our model. The scalar
field X can be expanded in exponential form as:

X = eiﬂﬂtu XO eiﬂula7 (5)

where the background part is denoted by X and 7 are
(pseudoscalar) fluctuations. For the classical solution, we
turn off all fields except X and solve the equation of motion.
Finally, we arrive at:

X 3
2X0(z) =§Mz+?z , (6)

where M denotes the quark-mass matrix and X is the quark
condensates (gq) one. Moreover, { = +/N./2m is the nor-
malization parameter [70]. With flavour symmetry, Eq.(5)
can be written as X = 27t X0, which is used to pre-
dict masses and decay constants of ground-state and excited
light and strange mesons in [71,72]. With Ny = 4, we take
M = diag(m,, mg, mg, m.) and ¥ = diag(oy,, o4, 0y, 0¢).

To evaluate the wave functions of the particles included in
this study, the action Eq. (3) must be expanded up to second
order in vector (V), axial vector (A) and pseudoscalar field
() as:

15
_1 ’ ’
S = / dx {24—217"“4 "N @ VE — V)
a=1 gSZ
ML
X(aM’VN’a — BN/VM/a) + 2_Z37]MM VMa V]ﬁ[;
_1 ! !
x ——nMM NN 9y A% — an AG))
4gsz
X (O Ang — ON' Amra)

mer
+oo M Our = A Quems = Au) o (D

where the mass combinations are defined as:

M5 = —27Tr (1, Xoll*, Xol),
M§25% = 27Tr ({1, Xo}{t”, Xo)). ®)

The values of M(‘}z and Mzz for(a =1, ..., 15), calculated
in [68], are collected in the Appendix. In the following sub-
section, we consider the axial sector and the vector one from
action (7) to study the wave functions, decay constant and
masses of physical particles.

2.1 Axial sector

The axial vector field (Ay) satisfies the equation of motion
as:

1 a
nMLay (; (LAY — BNA‘i)> + @A;‘V =0, 9)

where we have defined:
82 2
B (z) = Z—; MG~ (10)

Now in Eq. (9), we write A§, = (A%, A?) and make the
decomposition A} = AZ L+ AZ”. For the transverse part,
which describes the axial vector states, (A;‘i 1), we can write:

qZ_ﬂa

<az§az+ )A,ﬁ(q,z) =0, (11)
in a gauge where A7 = 0. Here ¢ is the Fourier variable con-
jugate to the 4-dimensional coordinates, x. We shall write
the transverse part of the axial vector field in terms of its
boundary values at UV (Ag‘j_) multiplying bulk-to-boundary
propagator (A), Af, | (¢.2) = Ay’ (9)A%(¢%, 2). A%(q. 2)
satisfies the same equation as A;i (g, z) with the boundary
conditions A%(¢?%, &) = 1 and 9..A4%(¢?, zo) = 0. The longi-
tudinal part of the axial vector field, defined as AZH = 0,0°
and ¢, describe the pseudoscalar fields and satisfy the fol-
lowing equations:

—q%8,0%(q*, ) + B* (2.7 (g%, 2) = 0, (12)
az (laz(f)a(‘]zv Z)) - ﬂ @)
Z Z
x (9% 9= 7"(¢%. ) =0, (13)

with the boundary conditions, ¢“ (qz, g) =0, n“(q2, g) =
—1, and 3,¢%(¢>, z0) = 9.7%(¢>, z0) = 0. In general, the
form of differential equations Egs. (11, 12, 13), A%(¢?, 2),
$* (¢, z) and 7% (g>, z) can be solved numerically.

Using Green’s function formalism to solve Eqgs. (11, 12,
13), the bulk-to-boundary propagator A%, 7% and ¢“ can be
written as a sum over axial vector and pseudoscalar mesons
poles as:

Aa(qz’ Z) _ Z _gSfAn wA" (Z) ’

2 _ 2
—qc—m
2 ra ga
—gsm4s £ ¢r(2)
ac. 2 _ pnJpnTn
VD= e
n P
2 ra a
—gsm4s ¢ mi(2)
¢ D= . (14)
n P

where f,, and (f,,) are decay constants of the n'" axial
vector meson and the pseudoscalar one and for the n'"
axial vector meson’s wave function are v,,(¢) = 0 and
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0,¥ . (zo) = 0 are the boundary conditions. Moreover, for
the pseudoscalar meson’s wave functions, the boundary con-
ditions are: ¢fi (¢) = 7 (¢) = 0and 9,95 (z0) = 9,7 (20) =
0 and the normalization condition for these wavefunctions is
f(dz/z)g(z)2 = lforg = /‘jn , ), ¢4 The decay constants
of the n’" mode of the axial vector and the pseudoscalar states
are related to their nth wave functions as [69]:

o e
fo = (15)
852 7=¢€
8 a
f;ln = _ %O . (16)
852 | ;=

With Ny = 4, the axial vector A and the pseudoscalar 7
involves the light, strange and charmed states can be written
as follows:

following result is obtained:

2 a
<azlaZ + u) Ve (g,2) =0, (19)
z Z

Now, we consider Vlfl (q,2) = V/% (9)V*(g?, z), where
V4 (g2, z) satisfies the same equation as (19) with the bound-
ary conditions V*(¢2, ¢) = 1 and 3,V%(¢%, z0) = 0. The
longitudinal parts of the vector field, defined as V;H = 0,8
and V! = —9,7“, describe the scalar states and are coupled
as follows:

—q%9,0"(q% 2) + 9,7 (¢*,2) =0,
1 - a
az(zazw(qz, z)) — “?(¢“<q2, 2) —#%q% 7)) =0,
1)

(20)

A= A%
0 b() / _
SR e SR KiatKiy D)
1 a;, +b7 _a?+b(l) + f1+f1, + Xcl KO + KO D~
= T 1 1 V2 3 J12 1A 1B 1 7
2 - = = 2 / . _
Kiy+ K Ki,+Kip —\/;(fl-i-f])-l-% D
3
Dy Dy D — el
7 =%
ﬂ i Ne _0
NG + 75 + Niv) i Tt K+ D
- _r_ i/ e 0 _
_ s b4 5+ 7 + 75 K D
_ - _ Z Ne _
V2 K K LT Das
Do D+ pi 2.
The physical states K(1270) and K;(1400) mesons are ~ Where £¢ = $* — 7. The boundary conditions for ¢¢ and

related to K14 and K p states in terms of a mixing angle 0k
as the following terms:

K1(1270) = sinfg K14 + cosOx KB,
K1(1400) = COSQ[( K]A — SiIl@K, KIB-

7)
(18)

Various approaches have been utilized to estimate the mixing
angle Ok by the experimental data. The result 35° < |0g| <
55° was found in Ref. [73], and two possible solutions with
|6x| =~ 33° and 57° were reported in Ref. [74]. Moreover,
the value O = —(34 4 13)° is obtained via analyzing B —
K1(12070)y and t — K{(12070) v, data in [75].

2.2 Vector sector

The equation of motion for the vector field (Vy) is similar
to Eq. (9) by replacing the Vy — Ay and ¢ — a%(z) =
(82/2%) M{,* Writing Vi = (V4, V&) and Vi = V¢ +V¢,
and applying o* Vlf | (x,2) =0, for the transverse part of the

vector field, which represents the vector meson states, the

@ Springer

7% are ¢%(q,e) = 0, 7% g, e) = —1 and 8,9 (¢%, z0) =
0.79(q2 20) = .
For V4, ¢¢ and 7%, the Green functions are:

a —g5f Y4 (2)

Vi(g? ) = Zn: W
— a2 ra Fa

(g%, 2) = Z M

2 _ a2
n q mS”

2 ra ~a

—gsm'y [, 7y (2)
~a 2 _ snJgn N
7@ =)] 7% —m?

n sn

(22)

The decay constants of the n'" mode of the vector meson and
the scalar one have been obtained as [69]:

a 82103,,
fon = o
857 li=e
3.0
fo =2 (23)
852 lo=e
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Finally, the SU(4) vector V and pseudoscalar 7 meson matri-
ces in terms of the charged states are introduced as follows:

V=V
2w .
N T . pr K+
- _pr_ &/ L *0
_ b p atwstm K
V2 K+ K+ —\/ga)/ +
D0 D=+ D;+
S = a%%"
i‘i_i"_ Xc0 a+ K+
V2 Ve T V12 . 0 0
_ 1 “ BT Eti o K
- % 2 ¢
V2 K; K, —y30 + 2%
D, Da D(J)rs

v
V12

parameterized in terms of the form factors. For M = V, these
matrix elements are defined as:

D0
D+
Di~
N4

0
Dy
Dy,

_J%XCO

3D— (V, A, S) v, form factors

In this section, the form factors of D — (V, A, )¢ v,
are derived in Hard-Wall AdS/QCD model. At the quark
level, this process is induced by the semileptonic decay
of charm quark ¢ — ¢ {v, with ¢ d,s. Consider-
ing ¢ = d, the decays D° — p~(b;,a;,a;)€v; and
D} — Ko(KV,, KVp) v, have been studied, and for
g = s, the D° — K+ (K;,,K 3 Ky)€v; and D~ —
Ko(K?,, Kp) € v processes are considered.

In the standard model of particle physics, the semi-
leptonic decays D — M £y, with M (V,A,S) are
described by the following effective Hamiltonian:

G _
quZdUW)—%V@(ém&l—ws)C)@y“ﬂ-—w)w)

NG
(24)

where we take a(V, S) = 1 and for M = A, a(M) = —1.
Moreover, G is the Fermi constant, and V¢, is the CKM
matrix elements. The decay amplitude for these decays is
obtained by inserting Eq. (24) between the initial meson D
and final state M as:
Gy
V2
X (M (p2)|q yu(1 = y5) eI D(p)) (Ey™ (1 = ys) ve),
(25)

M =aM) =LV,

where p; and p; are the momentum of D and M states,
respectively. To evaluate the decay amplitude (M), we
need to calculate the matrix elements (M (p2)|q v, ¢|D(p))
and (M (p2)|q v, ysc|D(p)). These matrix elements can be

(V(p2, €13 v clD(p1))
2V(g?)

=& mym, ——————, (26)
1223 (mD+mV)
(V(p2, €,)1q v vs c|D(p1))
=iek, (m,+m,)Ai(g")
. o L Aag?)
=i (p1+p2)u (€,.9) )
. * 2mV 2 2
—i qu (&,.9) 7 [A3(g7) — Ao(g7)], 27)

where ¢y is the polarization vector of V meson and g =
p1 — p2 is the transport momentum. In Egs. (26) and (27),
V(g?) and A; (¢%) with (i = 0, ..., 3) are the transition form
factors of the D — V £ v, decay. Form factor A3 (¢?) can be
written as a linear combination of A (qz) and Az(qz) as:

(my, +m,)
2m

(mD - mv)

’ Ax(g%), (28)
m

As(g?) = A —

14 Vv

with the condition Ag(0) = A3(0).
For M = A, the transition form factors A(g?) and V;(g?)
with (i =0, ..., 3) are defined as:

(A(p2. €)1 v v5 cID(p1))
2i A(g?)

=&t m,m, E—— (29)
(A(p2.£,)1q yucID(p1))
= &%, (m, —m,) Vi(q?)
2
—(p1+ p2)ule) 'q)%
« \2my 2 2
—qu (€}.9) p [V3(g™) — Vo(g)], (30)
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where ¢, is the polarization vector of the axial-vector meson

A, Vp(0) = V3(0) and
Vi(g?) = % Vig)) = M) 2y apy
m, 2m,

And finally, the form factors of D — § € vy are defined as:

( S(p)IG YuvsclD(p1)) = (p1+ p2)y f+(q?)

m2 2

a2 =S @D Fe@l, (32)

with £_(0) = £4(0).
To evaluate the form factors of D — (V, A, S)€v,; in
Hard-Wall AdS/QCD, we start with the correlation function,
including the currents of 3 involving particles. These 3-point
functions can be obtained by functionally differentiating the
5-D action with respect to their sources, which are taken to
be boundary values of the 5-D fields that have the correct
quantum numbers as [36,37,76,77]:

OIT (I3 @) IR () T56 () }10)
B 83S(VVP)
B VOa(x)avff;(y)aA”a(w) (33)
(O17 I @) I35 () T4 (w) }]0)
83S(VAP)
VO“(x)(SA (y)SA”a(w)
OIT {J4] () I} (y)JXﬁ(w)}|0>
83S(AAP)
AO“ (x)8A% (y)(SA”a(w)
(01T {5 @) () I§S (w) }10)
83S(AVP)
8A%, (0 sVP (o) safl )’
(0T {4 (x)J’“’ ()5 (w) }10)
83S(SAP)

= 37
5v” O (x) SAO” () 5A”B(w) 7)

(34)

(35)

(36)

where S(M| M3 M3) is the relevant parts of the 5-D action,
including (M| My M3) states. Here, Eqgs. (33, 34) are used
to evaluate the form factors of D — V £v, decays while
Egs. (35, 36) are written for the correlation functions of
D — A { vy process, and Eq. (37) is noted as the first step
in evaluating the form factors of D — S £ v, decay in Hard-
Wall AdS/QCD.

To evaluate the form factors, we insert two complete sets
of intermediate states with the same quantum numbers as
the initial and final meson currents, and use the following
definitions:

O1IZ9 IV (p, &)
(0175167 (p))

= f, €% 5%, (38)
=if? pesi?, (39)
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(01J54 1A (p, &)
(01754164 (p))

= f, €989, (40)
- pd dd’
=ifg p*8™, 41)
where f,,, f,, f, and f; are the decay constants of the vector,

pseudoscalar, axial vector and scalar mesons, respectively. In
this step, the following results can be obtained:

(V(p2. )| W5 () D(p1))
=i ALV, p2); (D, p)] Qu(p)ef, T

3
X( 83S(VVP) ) “)
5V0“ (x) 8V (0) (SA”a(w)

(V4(p2, e )Y ()| D(p))
=i ALV, p2): (D, pD] Qu(p) &}, T

83S(VAP)
X( 0a b ) (43)
3V (x) SAY, (0) SAR, (w)

(A%(p2, e DITAT (0)| D (p1))
=i A[(A, p2): (D, p)]1Qu(p1)et, I
X( 83S(AAP) )
A%, (x) A, (0) AR (w)
(A%(p2, &)1V ()| DE(p))
=i A[(A, p2): (D, pD]Qu(py) e’ T

< 83S(AVP) )
X
A% () 8V (0) SAY (w)

(44)

(45)

(S (p)I T4 (0)| D (p))
=i AL(S, p2); (D, p)] Qu(p1) Qs(p2) T

3
X( 83S(SAP) ) 46)
V0 (x)8A% (O)SAHﬁ(w)

ller

where

pk(x
Pk
2 2 2 2
(p1 — mol) (p; — moz)
fo, fo,

7= / d*x d*w &P Qo (pr) =

Al(O2, p2); (O1, pD] =

(47)

are defined in our notations. Moreover, fo, is the decay con-
stant of the i"" meson, and the limit (p?, p3) — (m%,)1 , m%oz)
is taken in the final result. Now, we need the relevant actions
presented in Eqs. (42, 43, 44, 45, 46 ). For example, two vec-
tor mesons and one pseudoscalar state are separated from the
total action for S(VVP). One vector meson, one axial vector
and one pseudoscalar meson are also considered for S(VAP).
These relevant actions are calculated in our recent paper as
[68]:

kubc i i
S(VVP) = /d5x< — [V Vi a4 Ve Vzbn‘]>, (48)
- .
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.fabc
svap) = [ d <2g 107" Vi 4]

5
abc gabc )
g VAT S A v n‘]),
49)
labc
S(AAP) = / d5x< - [AY A“bnc]), (50)
Z
habc 5
S(SAP):/d5x< — [0"(7* — ") Abn€]
Z
gtzbc B
— [AY a“(ﬁb—¢b)n”1), (51)

where ¢ is the SU(4) structure constant and the terms
containing this factor are generated from the gauge part of
the main action. The following definitions are also used in

Eqgs. (48-51):

). o
).
-
{ {‘,XO}D. (55)

The values of f abe gre taken from [78]. Moreover, the other
values of k@b¢, pabe and g“bc, which are used in the numer-
ical part, are collected in the Appendix. Using the Fourier
transforms as [58,79]:

k¢ = —2i Tr ([¢*, Xo]
]

hbe — _2i Ty ([t“, Xo
— 2iTr ({t“, Xo

}
}

b = =2 Tr ({1, Xo

¢“(p.2) = ¢ (p*. z)i Ale(p) .
7 (p,2) =7 (p°, z) Aﬁi(p), (56)
1,.(q.2) = A%q”, Z)A (@),
Vi (.2 =V (g% 2) Vi’,’i(g) (57)
Vi(g. ) = -3.7"(q", Z) VHb(q)

9" — —i (relevant momentum)“ , (58)

the form factors of D — V £ vy can be obtained as:

(mp+my) g%

2y
Vg = 2m,m,
Zm kabc
< / d: YOV @R DT, ()
0
2 (12 2 2
Arlgh = ST — )
2(m, +my)
fabc

¢“(2) ¥y (2) A°(g°, 2)

o

2(mD + m,) /
ha
[ Yi(2) A(q?, )¢
gabc
+o5 A% 2) w’v’(z)nf} (60)

Ax(g?) = g2 (m, +m,)

Zm ’((le
x /
0

g3 (3mi —q*—m?)

X/
0

fabc
2 m h(lb
+-85 / dz[ S Vi@ Ao
0

4m,

¢ (DY) A(g%, ), (61)

Ao(g?) =

¢“(2) ¥y (2) A°(g°, 2)

gabc
+55- A% ) w’;m#}, (62)

and for D — A ¢ vy, we have:

my —m,) g2 [
A(qZ):( D A)g5/(\) dZ

2m,ym,
abc
V) A" (@ ) (), (63)
2
Vl(qz)—gs(;n i )/ dz
(m,
fabc

¢°(2) vb<q DY)

o m, —mA)/ dz

haC b c
x|: V@V D
Z

abc

g
Z3

Viq* ) vh ()" } (64)

Zm
mA)/ dz
0

¢ () VPV (4% 2, (65)

Va(q?) = g2 (m,,

fabc
4

g5 (3mA

A
X/
0

fabc
2 Zm hab
+-5 f dz[ S V@A
0 .

4m,

g2 — m?
mD)

Vo(g?) =

¢“(2) ¥y (2) A°(g°, 2)

gabc
5 Ao wécw} (66)
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Finally, the form factors of D — S £ v, are resulted as:

g_% Zm pabe

N (7 (2) — ¢ (2))

x AP (g%, ) 7°(2)

2 Zm abc
+g—5/ dzg—3A”(q2,z)
2 0 Z

x (70 (2) — % (2)) 7°(2), (67)

2 2

8

ff(qz)= 1—% =
ms — my 2

Zm habc
X / dz 7 (2)
0

Z3
x — %(2)) AP (g%, 2) 7 (2)

q° g3
+ 1_ﬁ B3
ms — my 2

8

fi@®) =

Zm abc
x/ dz == A4G%, 2)
0 Z
x (70 (2) — $°(2) 7°(2), . (68)

4 Numerical analysis

The numeric analysis for the masses, decay constants, and
the wave functions of scalar mesons are presented in this
section. Moreover, form factors and the branching ratios of
D meson decays into vector, axial vector and scalar mesons
are evaluated.

4.1 Wave functions and decay constants

First, we study the wave function of the mesons included in
our model. To evaluate the wave function, we need to know
the values of z,,, (m,,mg, msg,m:) and (o, 04, 0y, O).
These values with their uncertain regions have already been
evaluated using the experimental masses of ,00, p.ay, 79,
n~, K™, K*, D™ and D*~ mesons in [68]. The best global
fit for z,, is z;l = (323 &+ 1) MeV, and for the masses in
MeV, theresults are m,, = (8.542.5),my = (12.36+£2.45),
mg = (195.31 £5.89) and m, = (1590.56 + 8.42). More-
over, for the quark condensates in MeV? the best global fit
yields o, = (173.65 + 2.21)3, o4 = (177.42 + 3.15)3,
oy = (226.20 + 3.72)3 and o, = (310.35 £ 5.65)3. The
wave functions, masses, and decay constants of some vec-
tor, axial vector, and the pseudoscalar mesons are studied in
[68], and here we focus on the scalar mesons. The results
for the masses and the decay constants of the ground state
scalar mesons a,, K,, Ko, D, and D are listed in Table
1. In this table, the experimental values of masses as well
as the QCD Sum Rule (QCDSR) predictions for the decay
constants are also presented. The masses are taken from [80]

@ Springer

and the decay constants are given in [81-83]. It should be
noted that for neutral scalars a8 , 0 and x.o, the differential
equations take the form 9,¢%(¢%, z) = 0, and considering
Eq. (23), for these states, the decay constant becomes zero.
This result was predictable according to charge conjugation
invariance or conservation of vector current.

It is possible to estimate the wave functions with the
masses of physical states. The wave functions ¢g and 7g
for the ground states S = (a, , Ky, Ko, D, D) are shown
in Fig. 1 as functions of z/z,,. The dash, dotted, dash-dotted,
dash-dot-dot and short-dash lines are utilized for ¢! and 7!
ofay, Ky, Ko, D, and D, respectively.

4.2 Form factors

To estimate the obtained form factors in Sect. 3, we need to
know the masses of the initial states (D) and those of vector
(V), axial vector (A), and scalar meson (§) as the final states.
The used masses in numerical analysis are given in Table 2.
The values for masses of p~, K*—, DT and a; are taken from
[80], while our model in [68] predicts the masses of D°, Dy,
K 4- Moreover, for b and K the predictions of the sum
rule approach are inspired from [84].

At this point, we can estimate the form factors for each
aforementioned semileptonic decay. The obtained results of
the estimation for the form factors [V, Ay, Aj, Ag], for D —
V £ v, decays, [A, Vi, Vo, Vol, for D — A £ v, decays, and
fy, for D — S vy, transitions, at g> = 0, are presented
in Table 3. Note that for D — S ¢ v, decays, we consider
f+(0) = f_(0). In the predictions for the form factors, the
main uncertainty comes from the masses of the initial and
final mesons, and the quark condensates oy, .

The form factors of D — (V, A, S) £ v, decays are cal-
culated with different theoretical frameworks. To compare
the different results, we rescale them according to the form
factor definitions in Egs. (27, 30, 32). Table 4 shows the val-
ues of the rescaled form factors at g> = 0 for D — V £y
decays, according to different theoretical approaches such
as the LCSR [17], the 3PSR [27], the heavy quark effec-
tive field theory (HQETF) [85,86], the relativistic harmonic
oscillator potential model (RHOPM) [87], the quark model
[88,89], the light-front quark model (LFQM) [90], the heavy
meson and chiral symmetries (HM xT) [91] and the LQCD
[92]. The experimental measurements for the form factors of
DY — p~ L vy, reported in CLEO [93], are also included in
Table 4. In Table 5, a comparison is made between the esti-
mation for the form factors of D — A £ v, decays obtained
from this work and the 3PSR [34], the LCSR [18] and the
LFQM [94] predictions. It is essential to note that for the
V(g?) and A(g?) form factors, the presented parameteriza-
tions in Egs. (26) and (29) are different from other methods,
and we can not compare these form factors.
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Table 1 Predictions for the masses and the decay constants of a;, K, Ko, D, and D scalar mesons. The experimental values for messes are
reported in [80], while the QCDSR predictions for the decay constants are taken from [81-83]

Observable m, (MeV) fs (MeV)

Scalar meson This work Experimental This work QCDSR
ag 985.50 +4.52 980 £ 20 51.25 £8.96 47

Ky 1402 +£5.20 1425 + 50 46.86 +3.96 42

Ko 839 £2.16 845 £ 17 68.45 +£3.82 65

D, 2346 +9.80 2343 +£10 211 £16.25 239 £ 73
Dy, 2326 +15.61 2317.8 £0.50 226 £ 17.54 283 £90

-~ S=a o S=Ky - S=Kp o $=Dgoe §=Dy,” - Smy S=Ky =~ SK¢ S=Dg------ S=Dy,

-1 .
0.0 0.5 1.0

zlz,

z/z

Fig. 1 The wave functions q;é (z) and 74 (2) for S = (ay , Ky, Ko, D, Dy,) as a function of z/z,

0

Table2 Massesfor D — (V, A, S) £ vy decay’s initial and final states
as input parameters in presented numerical analysis. The experimental
masses of p~, K*~, a;” and D7 are taken from [80]. The values of D°,

D{, K 14 are reported from Hard-Wall model [68]. m,- and m K;, are
chosen from the results of sum rule method [84]

Meson Mass (MeV) Meson Mass (MeV) Meson Mass (MeV)
- 775.49 +£0.34 K+ 891.66 £+ 0.26 ay 1230 + 40

D+ 1869.65 £ 0.05 Do 1861.50 + 3.58 D 1972.63 £2.37
K, 1316.52 + 7.50 by 1229.50 £ 3.20 K5 1340 £ 80

Forthe D — § £ vy category, only theoretical methods are

used to study DY — ag £ vg. As can be noticed from Table 3,
DV—ay

fi (0) = (0.72+£0.09) while, in CCQM [96] and LCSR
0_,
[97], the results are predicted as: ff “o (0) = (0.55+0.02)

and 2779 (0) = (1.757029) respectively.

To evaluate form factors as functions of g2, it is important
to note that q2 varies in the interval [m% ~0, (mp—m M)Z]
for the D — M €v; decay, with £ = e, . From all the
considered decays, the g2 dependence of the form factors of
D’ — K* tvy, D° — aj Lvy, D — KV, €v, D} —
K vy, D° — ag v and DT — Ko £y is selected and

displayed in Fig. 2. In this figure, the form factors V(A),
A1(V1), A>(Vp) and Ag(Vy) are shown with the solid, dash,
dash- dotted and dot lines, respectively. For decays to the
scalar mesons, f is shown with the solid line and, for f_
the dash line is utilized.

To obtain the form factors of D — K{(1270) € v, using
Egs. (17, 29, 30 ) the following relations are obtained:

AD—K1(1270) _ ( =ry )(rK1A> sin g AD—~Kia

1— ki a T,
1—r r
K K
) () e 08,
kg Ty

@ Springer
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Table 3 The D — (V, A, S) £ v, form factors with their uncertainty regions, at zero momentum transfer in Hard-Wall AdS/QCD. Note that for

scalar mesons as the final states, f1 (0) = f_(0)

Form factor Value at g% = 0 Form factor Value at g2 = 0

Form factor Value at g2 = 0 Form factor Value at g% = 0

_ 0_, KO + RO
yD'=p 0.29 4 0.04 v, T —0.32 4 0.06 v, K 0234004 v TR 054 £0.09
0 — _ +_ K0 +_ K0
AP e 0.5440.10 AD’=b; 0.12 4 0.03 vy TR 01740.04 v, K 0374007
0 — 0_,p— _ +_ K0
AP e 0.40 % 0.06 vl h 0.57 4 0.07 AP'=KL03940.04 v, TR 0334007
_ 0 p- 0, k- .
AP e 0.6340.12 vy h 0.32 4 0.05 v 7Ra 077002 APT=Kl02140.03
0 — 0 = + 0
VP =K<= 034.40.05 v h —0.2540.05 v, K 0.60£0.10 v 7RE 048£0.08
0 - + %0
AD'=K=06340.12 ADT=KL02340.03 v, 7R 0224005 v, 7K 02742004
+_ KO _ + RO
AP'=K= 0451007 v TR 0512008 AP'=Kl; 0344005 vy KB _01840.04
+_ K0 0_, k- 04—
AD=K= 0724013 vy K028 40.03 v K 060 +0.11 fr% 0.72 4 0.09
_ +_, g0 0 - +
AP =a; 0.13 4 0.03 vy TR 0214005 vy K 0424007 ok 0.95+0.12
O*) - 0 — O~> _
v 0.59 + 0.08 AP =K 0.14 +0.03 v, ks ~0.38 4 0.07 ok 0.80+0.10
0 ar +_, g0 _ N
v, T 0.37+0.04 v, K 0.46 + 0.07 AD =KL, 0.3140.06 fPr =Ko 0.8240.10
Table 4 Transition form factors A;, A and Ag of the D — V £ vy at > = 0 in our model and other theoretical approaches
Model A1(0) A>(0) Ao(0) Model A1(0) A>(0) Ao(0)
DO — p-
This work 0.54 40.10 0.40+0.06  0.63+0.12  RHOPM [87] 0.78 0.92 0.67
LCSR [17] 0.58070:0% 0.4680052 QM-I [88] 0.59 0.23
CLEO (2013)[93]  0.5670:02 0.47 QM-II [89] 0.59 0.49
3PSR [27] 0.5 0.4 LFQM [90] 0.60 0.47 0.69
HQETF-I [85] 0.57 +0.08 0.52 +0.07 HMT [91] 0.61 0.31 132
HQETF-II [86] 0.59 % 0.03 0.377902 LQCD [92] 0.657023 0.59703%  0.64703]
DY — K*
This work 0.63 +0.12 0454007  0.7240.13  RHOPM [87] 0.88 115 0.73
HQETF-I [85] 0.59 +0.10 0.55 +0.08 QM [89] 0.66 0.49 0.76
HQETEF-II [86] 0.57++0.02  0.34+0.03 LEQM:-I [90] 0.72 0.60 0.78
HMT [91] 112 0.31 132 LEQM-II [94] 0.65 0.57 0.69
3PSR [95] 0.50 0.60 0.40 Lattice QCD [92] ~ 0.83+£0.28  0.597033
r
(69) +(12) cos by v K, (72)
1—r rKl
V]D—>K1(1270) _ ( 1 Kia ) sin O V]D—>K1A
~ Tk, where on the right hand side of Egs. (69-72), K1 =
1— Tkip 0. yP—Kis 70 K1(1270) andr,, = mp/m,,. To evaluate the form factors of
+< 1—r, ) costx Vi ’ (70) D — K1(1400) £ vy, the replacements of sinfx — cos g,
1 . .
1 —r cosfg — —sinfk, and K1 — K1(1400) are required.
D—K1(1270) _ K\ D—Kia
V, = <l—> sinfg V,
—r
Fia 4.3 Branching ratios
- Tk, D—Kip
+(—) cos O V) , (71)
I—r Kip To evaluate the branching ratio values for the D —

r

D— K (1270 K . D—K

V0—> 1( ):( IA)SIHQKVOH 14
Tk,

@ Springer

(V, A, S) £ v decays, the decay amplitude in Eq. (25), and
definitions for the form factors given in Egs. (26, 27, 29, 30,
32) are required. So, the differential decay widths are found
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Table 5 The results for the transition form factors Vi, V5 and Vy of D — A £ vy decays at q2 = 0, as well as predictions of 3PSR [33,34], LFQM

[94] and LCSR [18]

D° — a; D° — by
Model Vi (0) V2(0) Vo(0) Model Vi (0) V»(0) Vo(0)
This work 0.59 &+ 0.08 0.37 £ 0.04 —0.32 £+ 0.06 This work 0.57 +0.07 0.32+£0.05 —0.32+0.07
3PSR [34] 0.37 —0.03 0.15 LCSR [18] —0.22 0.21 —0.32
LFQM [94] 1.54 0.06 0.31 LEQM [94] 1.37 —0.10 0.49
LCSR [18] 0.37 +£0.11 —0.03£0.02 0.15+0.05
D} — K9, D} — kY,
Model Vi(0) V2(0) Vo(0) Model V1(0) V2(0) Vo(0)
This work 0.51 £0.08 0.28 £0.03 —0.21 +£0.05 This work 0.46 +0.07 0.23 +0.04 —0.17 £ 0.04
3PSR [33] 0.05 —0.02 0.03 3PSR [33] —0.30 0.14 —0.26
LCSR [18] 0.28 £ 0.09 —0.01 £ 0.01 0.10 £ 0.04 LCSR [18] —0.22 £ 0.09 0.24 £+ 0.10 —0.4140.12
DT > K ? " Dt > K ?B
Model Vi (0) V2(0) Vo(0) Model Vi (0) V5(0) Vo(0)
This work 0.54 +0.09 0.37 £ 0.07 —0.33+0.07 This work 0.48 +0.08 0.27 +0.04 —0.18 £0.04
3PSR [33] 0.02 —0.01 0.04 3PSR [33] —0.16 0.08 —0.13
LCSR [18] 0.32+0.11 —0.03 £+ 0.01 0.11+0.03 LCSR [18] —0.26 £0.10 0.29 +0.13 —0.42+0.14
, V@) - A A A — A~ Vi@) Vo) Vi) —A@) V@) V@) V(@)
g s [ )
| [ 3
i S Y T M 4l
1 U 1
A 2 o
s : s
z 5 g
g ‘.; 004 & 00
E ; -
2 024 = € |
'0'4 T T '0'4 T T T T
00 T T 00 0l 02 03 04 0.0 0.1 02 03 04
0.0 3 0.6 0.9
¢4(GeV?) ¢(GeV?) ¢*(GeV?)
——A@) Vi) VD) V(@) —f1@) - f(d) — /@) L)
0.8 1.0 140
2T g g
2 Loeeee--=77 p
g4l 3 %4
T 04 cT T
D A a
s ] 508 % 1051
o g g
g 2 g
& o0 & &
N E | e E
oo e L
'04 T T T 06 T T T 070 T T T T
0.0 0.1 0.2 03 04 0.0 0.2 04 0.6 0.0 0.2 04 0.6 0.8 1.0
¢(GeV?) ¢*(GeV?) *(GeV?)

Fig. 2 Predictions for the q2 dependence of six selected decays, DY — K* €y, DY — ay Ly, Dj' — K?A Ly, D‘j' — KIOB Lvy, DY — ag Lvg

and DT — Ko €y
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6 6
E = =
X X ,>_<\ L al
‘:v:H ‘mo v P ’ \\
1 t t 92 \\\
2 2 2 ; \
Ng 5] ng_ 2 A..g' 24 /// \‘\\
% % % /// 'v“
0 T T T 0 T T T 0 . T T
00 0.1 02 03 04 0.0 02 04 06 00 03 06 09
(GeV?) q*(GeV?) (GeV?)
Fig. 3 Differential branching ratios of the D% — K+ {vy, DO — a; Lvg and DO — ag £ vy as functions of q2
Fig. 4 The 0k dependence of 25 25
branching ratio values of
D — K{(1270) € v; and
D — K{(1400) € v; decays B 204 20 st
X BREEy X o/ N
E // i ? / \\
~ / \ oy | / \\
§ B \\ g” A
o;: // \\ c;: \\ //
N 1.0 // \\ 3 101 \\\ /,
b’ ) \\ b” \\ //
\: \ /1 \: N\ /
M 05 \ /| @05 \ /
\\\ // \\\ ///
\’\ // \\ //
0.0 T T > 0.0 > . T T
I _z 0 n n _z r 0 L L
2 4 0, 4 2 2 4 0, 4 2
Table 6 Branching ratios of the semileptonic decays D — V £ v. For comparison, we also present the results of other predictions
Model Br (D% — p~tv) x 103 Model Br(D? — K* ¢v) x 102
This work 1.82+0.15 This work 2.58 +0.26
LCSR [17] 1.749+0:357 £ 0.006
CLEO (2013) [93] 1.94+£0.39 £0.13 Exp 2.15+0.35
CLEO (2005) [98] 1.77+£0.12 £ 0.10
3PSR [27] 0.5+0.10 HMy T [91] 2.2
HQEFT [85] 1.40 £ 0.30
NWA [99] + HQEFT [86] 1.67 £0.27 HQETF-I [85] 20+0.5
NWA [99] + LEFQM [90] 1.73£0.07
HMyT 2.00 HQETF-II [86] 2.12+0.09
as follows: with
2V(g?)
2
Hyy = (mp+my)Ai1(g") + mpmy ————,  (74)
(mp +my)
dr G2 |V, 20 Hy = %[(m%) —my, — q2)((mD +my) Ai(g”)
e 2(D—>M€v5):—592 g U 2my+/q
1 T oy my 2V | AAagh) %)
X (Hiy + Hsy), (73) (mp +my) (mp +my) |
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Table 7 Branching ratio values of the semileptonic D — A £ v decays in Hard-Wall AdS/QCD, LCSR [18] and 3PSR [33,34]. For D — K {v

with K = (K1(1270), K1(1400)), the values of branching ratios are reported at fx = —(34 £ 13)°

Process This work LCSR [18] 3PSR [34] 3PSR [33]
D — ay v [1.42£0.35 2.85+0.41 L1105 - 1x 1073
D% — bty [1.114£0.27 1.88 +0.30 - - 1% 1073
D;" — K?(1270) [1.75+0.15 1.66 +0.05 — 1.25£0.11 1x 1073
Dy — K9(1400) [0.14 £ 0.02 0.16 £ 0.02 - 0.14 £0.01 1% 107
DO — K, (1270) [5.27 £0.30 6.78 £0.12 — 5.34+£0.21 1% 1073
DO — K| (1400) [0.71 £ 0.03 0.82 +£0.05 — 0.854+0.02 1% 1073
DT — K?(1270) [13.96 £ 1.06 16.86 £+ 0.27 — 14.07 £ 1.22 1x 1073
DF — K(1400) [1.25+0.12 1.28 +0.08 - 1.27 £0.10 1x 1073
Table 8 Branching ratios of D — S £ v decays
Process This work LCSR [97] CCQM [96]
DY — ay v [2.44 +0.30 4.087137 1.68 +0.15 1x 107
Df — Koty [2.65+0.28 - - 1x 1073
D% — K, tv [1.03£1.15 - - 1x 1074
Dt — K% [3.88 4+ 0.56 - - 1x 1072
His = (np —ma) Vi(g?) +mpma 2 Ag?) .6 axial Ve.ctor gnd scalar mesons decays, respecti\fely agd the
(mp —my) uncertain regions, are also displayed. The branching ratios of
1 5 5 5 5 D — K (1270) € v¢ and D}t — K{(1400) £ v, decay and
Hyp = W |:(mD —Mma—4q )((mD —ma) Vi(q") their uncertain regions, are plotted as functions of the mixing
5 5 angle Ok in Fig. 4.
+mpma 2A(q7) > _ ANl ] (77) Predictions for the branching ratio values of the semilep-
(mp —my) (mp —my) tonic decays D — (V, A, S)¢v are presented in Tables 6, 7
m% 1 2mp /A ) and 8. For vector mesons as the final states, the predictions of
His =1+ 2_q2)2 /7 f+(@”), (78)  LCSR [17], 3PSR [27], HQEFT [85], HMy T [91] and NWA
1 i [99] plus HQEFT [86] and plus LFQM [90], as well as the
Hyg = —(sz — m%) f- (qz), (79) experimental measurements of CLEO Collaboration [93,98]
\/‘Tz are reported in Table 6. The LCSR [18] and 3PSR [33,34]
m% predictions for D — Afv decays are also listed in Table 7. In
v=\1- ? ’ this Table, the values are reported at O = — (34 & 13)° for
4 4 4 s o the decays of charm mesons to K1(1270) and K(1400). For
A=mp+my +qT —2mpmy decays of charm mesons to the scalar one, LCSR [97] and
-2 m% q* - Zm%,,q 2, (80)  CCQM [96] models are utilized to evaluate the branching

Note that the differences in the form factors (A3 — Ag) in
D — VZivyand (V3 — Vp) in D — AL vy decays do not
give any contribution, since these terms are proportional to
m% and can be ignored in our calculations for £ = e, u.
To calculate the branching ratio values of the semileptonic
decays, we integrate Eq. (74) over ¢ in the whole physical
region considering | Veg(cs)| = 0.22(0.97), and using the total
mean life-times in ps as tpo = 0.41, Tp+ = 1.04, Tpr =
0.50 [80]. The ¢ dependence of the differential branching
ratios of 3 decay modes of the studied processes are plotted
in Fig. 3. In this figure, D® — K* £v;, D° — a; Ly,
and D° — ag Lvg are selected from D meson to vector,

ratio of DO — ag v decay. The results of these calculations
are itemized in Table 8.

5 Conclusion

In summary, the form factors of the semileptonic charm
mesons decay into the light and strange vector, axial vec-
tor and scalar mesons are evaluated in Hard-Wall AdS/QCD
including 4 flavours (u, d, s, ¢). The wave functions of the
scalar mesons, the masses and the decay constants of this
group are studied in detail, and our predictions for the masses
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Table 9 The values of M?,z and Mﬁz with v, (z) = ¢myz + %qu*% forq = (u,d, s, c)

a Mg? Mm4? a My? Mm4? a M2 M4?

(1,2)  fwi—vw)? toetv)? 6.7 twa—v)?  fva+v)? (11,12) (g —v)?  (va+ve)?

3 0 12402 8 0 T2 v 4+4v)7 (13,14) fve —v)? F(ve +vy)?

4,5 fi—-v)? ot v)? 9,100 T —v)? St ve)? 15 0 5 @2+ 3+ 02 +9%2)
Table 10 The values of g"b", habe | jabe and kabe which are used in numerical analysis

(a b C) gabc habc labz: kabc

(2,9.11) 3 (W + va) (v + ve) 3 (0 = va) (v + ve) 3 (W4 + ve) (Wi + ve) 3 (wa = vu) (vg + ve)
(47 9, 13) %(Uu + vs)(vu + Uc) %(Uu - Us)(vu + Uc’) %(Us + Uc)(vu + Uc) %(Uu - Us)(vu + Uc)
(6,11,13) =1 (Wa + o) (v + ve) =1 (s — va) (Vg + ve) (g + ve) (Vs + ve) 3 (e = v5) (Vg + ve)

are compared with the experimental data. Moreover, the
decay constants are compared with the results of the sum
rule method.

Our estimations for the form factors at g> = 0 are com-
pared with other theoretical frameworks such as: LCSR,
3PSR, HQETF, RHOPM, QM, LFQM, HM T and LQCD,
as well as the measurements of CLEO collaboration.

According to the presented definitions for the matrix ele-
ments in terms of form factors, the formulas for the decay
widths are obtained. The branching ratios are estimated for
the mentioned model and the results are compared with the
experimental data and the predictions of the other theoreti-
cal approaches. The prediction for the branching ratio of the
DY — p~¢v decay is in good agreement with the reported
results of LCSR, HQEFT, LFQM, and the experimental val-
ues. For the semileptonic D° — K*~¢v decay, the esti-
mation for the branching ratio value has a better agreement
with the experimental report. The predicted form factors in
this study can be used to evaluate the branching fraction of
nonleptonic and forward—backward asymmetry of leptonic D
meson decays. This model can also be extended to 5 flavours
with g = (u, d, s, c, b) to study the B meson decays.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: In Table 6, the
results of experimental data from CLEO(2013) [93] and CLEO(2005)
[98] are considered and compared with the obtained theoretical results
in this work.]
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Appendix: Values of M;’,Z, M/‘;z, gabe, pabe jabe gpq gabe

Table 9 [68] represents the values of M {1,2 and sz, which
are used to evaluate the wave functions.

The nonzero values for g“bc, habe | jabe and ke ysed in
numerical analysis are given in Table 10.
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