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We investigate semileptonic form factors of a D ) meson from a modified soft-wall 4-flavor holographic
model. The model successfully reproduces the masses and decay constants of various mesons, including p,
K*,D*, D}, ay, Ky, f1, Dy, Ds, 7, K, n, D, and D,. Moreover, we study the semileptonic decay processes
Dt - (=, K,n)l"y; and D} — (K,n)l"v,, associated with the vector meson exchange, as well as
D(t) — K"y, associated with the vector and axial vector meson exchange. The form factors f (g?)

for D — wand D(,) — K decays agree excellently with experimental and lattice data, outperforming other

theoretical approaches. The f, (¢?) form factor for D — 5 is compatible with experimental data, while a
slight discrepancy is observed for D — 5 at large ¢°. Additionally, we predict the vector form factors
V(g*) and A,(g?) for D — K and D, — K decays, respectively. The results agree well with other

approaches and lattice data at maximum recoil (¢> = 0).

DOI: 10.1103/PhysRevD.109.026008

I. INTRODUCTION

Semileptonic weak decays of mesons play a vital role in
our comprehension of the standard model (SM) as they
provide the most direct way to determine the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1,2] elements from
experimental data. In particular, semileptonic D, meson
decays offer a valuable avenue for investigating the
interactions within the charm sector, where by measuring
the decay rates, it becomes possible to directly determine
the CKM matrix elements |V 4| and |V |. For instance, the
values of |V | and |V | are found from the measurements
of the decays D — zlu; and D — Klu,, respectively, by
Belle [3], BABAR [4,5], CLEO [6], and BESII [7]
collaborations. It is worth noting that extracting the
CKM matrix elements is not straightforward, rather, it
includes the nonperturbative strong effects appearing in the
transition from the initial state to the final state, which is
parametrized by the hadronic invariant form factors. More
recently, The BESIII collaboration reports several semi-
leptonic weak decays, such as Dt — K- ztety, [8],
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D} - K"y, and D} — K*e*v, Decays in Ref. [9],
D = p"e*y, in Ref. [10], and DT — nuty, in [11].
Since the semileptonic decays include the nonperturbative
hadronic form factors, one cannot use the direct quantum
chromodynamics (QCD), and one needs a nonperturbative
method to carry out the calculations, see Ref. [12] for
listing the theoretical approaches.

Apart from the other nonperturbative approaches, a
holographic QCD model was applied to describe the
structure of the hadrons. Based on the anti-de Sitter/
conformal field theory (AdS/CFT) correspondence dis-
cussed in Refs. [13,14], a bottom-up holographic QCD
model at low energy was established in the works of
Refs. [15-28]. They started from QCD and constructed a
five-dimensional dual with the features of the dynamical
chiral symmetry breaking. Since in the two-flavor system,
the masses of the up and down quarks are small, and an
SU(2) flavor symmetry is preserved. However, in the case
of the extension of the model to three flavors [29] and four
flavors [30-34], the flavor symmetry is broken, especially in
the case of including Charm quark. The first attempt to
study the semileptonic decays had been done in Ref. [29],
where the K3 form factors that describe the decays K —
zly; was calculated. More recently, the semileptonic D
meson decays to the vector, axial vector, and scalar mesons
investigated in the hard-wall holographic approach [32].

In the present work, we use 4-flavor bottom-up holo-
graphic framework to study the semileptonic decays. In the
original soft-wall holographic model [16], the quark

Published by the American Physical Society
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condensate is proportional to the quark mass, which is in
contradiction with QCD, so to overcome the issue, a higher
order potential is added to the 5D action [35]. Therefore,
we adopt the modified 4-flavor soft-wall model [33]
instead of the soft-wall model. Following, we proceed
by calculating the masses and decay constants of the 7, K,
n, D, D, p, K*, , D*, D%, a, Ky, f, D, and Dy mesons
in the ground state. Furthermore, we compute the form
factors of the semileptonic decays D™ — (x, K, n, K*)[Ty,
and D} — (K,n, K*)["v, which induced by the decay of
the charm quark to light quark, ¢ — d(s)lv;. Due to the fact
that the maximum-recoil form factors are essential to
extract the CKM matrix elements, and they are also
observable in the experiment, we compare our determined
value with the experimental and lattice QCD data.

This work is organized as follows. In Sec. II, we revisit
the formalism of the modified soft-wall holographic QCD
model for Ny =4 flavor and derive the equations of
motion. In Sec. III, we describe the three-point interactions
and deduce the semileptonic form factors from the three-
point functions obtained from the cubic-order 5D action. A
detailed comparison of the numerical results with the
experimental data, lattice QCD, and other theoretical
approaches are provided in Sec. IV. Finally, we briefly
conclude our work in Sec. V.

II. THE 5D ACTION AND EQUATIONS
OF MOTION

In this section, we revisit the formalism of the four
flavors of soft-wall holographic QCD model [33,34].
The five-dimensional metric defined in the AdS space
is given by,

1
)

ds* = gyndx"dx" = = (n,dxtdx* +dz*), (1)

where 77, = diag[—1, 1,1, 1] is the four-dimensional met-
ric in the Minkowski space, and z is the fifth dimension
and has an inverse energy scale. Note that the Latin indices
M and N run from 0,1,2,3,4, and the Greek indices are
defined as y, v =0, 1,2, 3. According to the holographic
model, there is a correspondence between the 4D oper-
ators and corresponding 5D gauge fields [15]. The

1
V=Vt =—

operators and corresponding gauge fields incorporated
in the chiral dynamics are defined by

SRiiu = War/LY utWar/L = Ry/L
JS = VLW eR = X, (2)

where J§ Ly
spond to the Ry and Ly gauge fields, and the quark bilinear
WLy qr correspond to the complex scalar fields X. Note

that, t* witha =1,2, ..., N% — 1 are the generators of the

is a right/left-handed currents which corre-

SU(Ny) group. The general five-dimensional action is
written as

ZI"
SM — _/ Px —ge_¢Tr{(DMX)T(DMX) + M§|X|2
€

1
= KIXP o (VI Vi + AMNAMN>}, 3)
5

where DMX = 0y, X — i[Vy;, X] — i{Ay;, X} is the covari-
ant derivative of the scalar field X, M2 = (A —p)(A +
p —4) = =3 by taking the conformal dimension of the
scalar field operator A = 3 and p = 0, x is a dimension-
less parameter which can be determined, and € and z,, are
the UV and IR limit of the model. The coupling constant g5
is related to the number of color and defined g5 = 2z for
N. =3 ([15]). The gauge field strength V ;5 and A,y are
defined by

Viun = 0uVy = 0nVi = ilVar. V] = i[Ay. An].
Ayn = OyAy — OxAy — i[Viy. Ay] = i[Ay. Vil (4)

where the vector and axial vector fields are written in
terms of the right- and left-handed gauge fields as V,, =
I1(Ly + Ry) and Ay =3 (Ly — Ry), respectively. The
fields V), and A, can be expanded to V{,t¢, and Aj ¢,
respectively, and the generators satisfy Tr(r/”) = 35,
The vector, axial, and pseudoscalar fields are described by
4 x 4 matrices,

p+ K*+ D*O
o v %0 *—
o+ K D
K0 2./ 4 , (5)
K —4/30 + Niv) D;
-+ - _3
D Dy Vivkd
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0

; _
R af K DY
- _a o f1 o Xa 0 -
A:A"t“:L “ VitV ki Pi (6)
2 _ - w _ ’
V2 K K? —\/gfl + \);11—2 D
D(l) DT D+ _\/%ch
2y e + + O
BT Rt UG z K b
- 2y e 0 -
1 z NIV RV K b
T = ﬂ'atu = 75 (7)
- 20 2 ) -
K K —\@Hjﬁ D;
D0 D+ D} —J%m

Additionally, The complex scalar field in Eq. (3) is
expressed by

X — eiﬂ.ntaxoein.ata (8)

where X, = 3 diag[v;(z), v:(2), v,(2), v(2)] with v (2)
the vacuum expectation value, and z“ is the pseudoscalar
field. Finally, the dilaton field ¢ in Eq. (3) only depends on
the fifth dimension z and explicit form is shown later in this
section.

The equations of motion for each field can be obtained
from varying the action in Eq. (3) with respect to the
corresponding field. In order to find the vacuum expect-
ation value, one needs to remove all the fields and keep
only the background. The zeroth order of the action for the
background field is given by

1 [m ()
50 — _Z/ d5x{ = (2v(2)v)(z) + vi(z)vi(z)

e_d)(z)
+ ve(2)ve(2)) = >

<%%ﬂf+m@2

K

) = @u@ + n @+l | O)

The equation of motion for the scalar vacuum expect-
ation value v, .(z) is obtained as

3 —¢ 3
z e K
ﬁaz75z”q(z) - ?Uq(z) - 2—Z2”?1(Z) =0, (10)
where g = [,s,c. The solution for the scalar vacuum
expectation value v;.(z) that preserves the UV and IR
asymptotic behavior is provided and justified in Ref. [35]

v(z) = az + bz tanh (cz?), (11)

with the definitions for the parameters «a, b, and ¢ as

3m 442
g VAme o e
gs K

where m,, is the quark mass and ¢ is the chiral condensate.
It worth noting that the UV and IR asymptotic behavior of
the v(z) can be achieved by expanding Eq. (11) at small and
large z as

G50

C=—,
V3b

v(z = 0) = az + bez® + O(2°), (12)

U(z—»oo):(a+b)z:\/?z. (13)

In the initial soft wall model [16], the dilaton field was
originally characterized by the expression ¢(z — o) = u?z>.
Here, the parameter u is connected to the Regge slope,
establishing the mass scale for the meson spectrum and
ensuring the presence of linear mass trajectories. Moreover,
one can find the dilaton profile by substituting the Eq. (11)
into Eq. (10) and solve for ¢ field [35]. However, in this
approach the profile of the dilaton field exhibits dependence
on the quark flavor and differs for each value of v,. While
this flavor reliance of the dilaton field poses no issue when
exclusively considering light quarks, it becomes evident and
inevitable when addressing heavy quarks like the charm
quark [33]. In Ref. [36] a modified dilaton profile proposed
with a negative quadratic dilaton at UV and a positive
quadratic dilaton at IR which is different from the one
obtained in Ref. [33,35], where positive quadratic dilaton is
required at both UV and IR. In our present study, focusing
solely on the IR asymptotic behavior of the ¢ field suffices
for the numerical computations, thereby obviating the need
to address the flavor-related variability of the dilaton profile.
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The equation of motion for the vector, axial vector, and pseudoscalar mesons can be obtained from the expansion of the

action in Eq. (3) up to the second order,

S<2):—/d5x{ an €
z

where #™V is the metric in 5-D Minkowski space,
VA A?) v = O V4(A?)y — OV (A%),,. The mass terms
in the action M4 and M¢’ are defined by

—5— ((0y 7 — Ajy) (7"

M“béab
Mab(sub

Tr({r". XoH{1". Xo}).

Tr([1. Xo][1”. Xo)). (15)

where M‘(,” is zero fora, b = 1, 2,3, 8, 15. The vector field

in Eq. (14) satisfies the following equation of motion,
e_lﬁ

- Vi - (M) =0,

—om S 7 (16)

The gauge choice for the vector field is set to V¢ = 0 and
Vy, =0 where V, is the transverse part of the vector

ﬁeld V=

then applying the 4D Fourier transformation, Eq. (16)
reduces to the following

—¢
Z e
(‘F»@Taz

Vi + Vﬂ” Considering the gauge fixing and

2g2Maa

)v;:l(q, 9=~V (0.2).
(17)

with V9, (q,z) is the 4D Fourier transformation of
Vi, (x,2). According to the AdS/CFT principle, it is
allowed to write the transverse part of the vector field in
terms of the bulk-to-boundary propagator and its boundary
value at the UV regime, which acts as a Fourier trans-
formation of the source of the 4D conserved vector current
operator, V4, (¢,z) = Vi1 (¢)V*(¢*, z). The boundary con-
ditions for the bulk-to-boundary propagator V°¢(g?,z) to
satisfies the equation of motion (17) are V*(¢?%,€) = 1 and
0.V*(q*, z,y) = 0. Moreover, the bulk-to-boundary propa-
gator can be written as a sum over the meson poles

’ AAAAA)
Va(gtz) = S BT vVld), (18)
n q - mvn
where yy.(z) is a wave function which satisfies
Eq. (17) with the boundary conditions yy»(e) = 0 and
0.y yn(z,,) = 0, and normalized as fdz%’pl//"’,(z)y/’{}(z) =
&, and f$,, = o,y {.(€)/(gse) is the decay constant of the
nth mode of the vector meson [15].
Similar to the vector field, The axial vector field Aj can
be decomposed to the transverse and longitudinal parts,

—AYM -

—(2)
e
VAVAME) + S Vi Vi + Al | (14
5
[
A=Ay, + A”H, where the longitudinal part AZH = 0,0"

has the contribution to the pesudoscalar mesons. The
equation of motion derived from Eq. (3) is given by

—¢ 2 ZMaa
< € g
<_ 9 J; z 9, + SZ >A2L<Qv ) = _quZL(%Z)’
(19)

with the conditions A7 = 0, and 0"Aj, respectively. The
bulk-to-boundary propagator of the axial vector field
A4(q?, 7) satisfy the boundary conditions A%(g%,€) =0
and 0..4%(¢?, z,,) = 0, in the UV and IR region, also can be
written as

./4 q Z Z gSfA"l//A"( ), (20)
A

n q_m

with the wave function y4.(z), and decay constant of the
axial vector mesons f4, = d,w4.(€)/(gs€).

And last but not least, the mass spectra of the pseudo-
scalar mesons can be obtained by solving the coupled
equation of motions between the pseudoscalar field 7 and
the longitudinal part of the axial vector field ¢,

292Maa
7°0.9°(q.2)+ Szz #-0.7(q.2) =0,
—¢ 2 2Maa
< € a g a a I

Lo (Cowrta.)) 2B e 0.0 - 0. =
(1)

with the boundary conditions 7¢(g%, ¢) = ¢*(q*.€) =0

and  0.7(q% z,n) = 0.¢°(¢*, 2,n) = 0. The bulk-to-

boundary propagator for the longitudinal part of the axial
vector field ¢(g?, z) and pseudoscalar field (g2, z) are
written as

2 n
¢(q2,Z) _ ZQSHZ];;’]:MQI) (Z) .

2
n mﬂn

2 n
gsma f 7" (2)
7[(6]2,2) = 22—”2’
q _m”n

n

(22)

where [, = —0,¢"(€)/(gs€) is the decay constant of the
h mode of the psuedoscalar meson.
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It is worth mentioning that the € represents the UV limit
of the model, and the value is small. Although it seems the
decay constants are sensitive to the UV parameter e, they
are not. Following the work of Ref. [30], we provide an
explanation of the determination of the decay constants in
our model. The wave functions in Egs. (18), (20), and (22)
are normalized and can be written in terms of unnormalized
wave functions as the following,

Win(2) = Ny yn(2), win(2) = Naypy an(2)

9"(z) = Npdy(2).  7"(2) = Noap(2), (23)
with the normalization constant defined by
r e -1/2
Ny» = / dz=— vy (Y (Z)}
. e~ -1/2
Npn = /dZZl//aU.A" (2w an (Z)}
[ - 2 ZMaa
Ny = /dze— {(@%(Z))z + s
L < z
17172
<ty - w2} 24)

By using the equation of motions, one can expand the
unnormalized wave functions near the UV boundary as

Wl (2 =22+ ...
2
/3

Wi (D) =2+ o
m n

2
p T

() =-22+..., ah(z)=— (25)

2424 ' .
where f%(z) = %, and the first coefficients are fixed to

1 or —1 to get a positive sign for the decay constants. Now,
we can determine the decay constants as following.

a aZl//(‘l/" (€)

Oy yn(€) _ 2Ny

= = Ny
gs€ gs€ Js
po _OW(e) _ Owe() 2N
4 gs€ gs€ Js
J.¢" 0.7 2N
fﬂ” = - Z¢ (6) = —Nﬂn Z¢U(€) = - T . (26)
gs€ gs€ Js

2 a2
P10 () = F ()| P =]

(V(pa.€2)|V¥ = A¥|D 5 (py1)) = —(My 4+ My)ex A (¢7) +

oM, 2
q

Sk
€4

q"[As(q%) — Ao(q?)] +

I+
7
w+
c d(s)
D) P(V)
d(s) d(3)
FIG. 1. Feynman diagram for the semileptonic decay of D

into a pesudoscalar P (vector V) and [Tv;.

From Eq. (26), it is obvious that the decay constants only
depend on the normalization constants, and they are not
sensitive to e.

III. THREE-POINT INTERACTIONS
AND SEMILEPTONIC FORM FACTORS

In this section, the semileptonic form factors of D) —
(P,V)I"v; are derived in the soft-wall holographic model.
The Feynman diagram of the semileptonic decay process of
Dy to a pseudoscalar or a vector meson is shown in Fig. 1,
where the charm quark goes through the process of
¢ —>d(s)W" - d(s)[Ty;. The matrix elements of the
semileptonic decays of the D,y meson within the SM is
defined by [37]

G
M(Dys) = (P.V) ) =—ZVig((P.V)ar" (1 =ys)el D)

V2

xop*(1=ys)l, (27)

where G is a fermi constant, V7, elements of a CKM
matrix, and the hadronic and leptonic currents are given by
the terms ((P,V)|gr*(1 —ys)c|D(y)) and Dyy*(1 —ys)l,
respectively. The hadronic current can be parametrized
in terms of the invariant form factors, which depend on the
momentum transfer squared (g?). For the case of the
pseudoscalar mesons in the final state, only the vector
current (gy*c) contributes to the form factors. The tran-
sition form factors are defined by [38]

M? — M3
q2) 1 5 2qﬂ
€ q

—2 = PrA,(q?
M, + M, 2(97)

2i8”yp0€§”p’l’pg v
M, + M,

(4%). (28)
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where P =p, + p,, g =p; —py, M| and M, are the
mass of the mesons in the initial and final state, respec-
tively, and ¢, is the polarization vector of the final vector
meson. The A;(g?) form factor is not independent and can
be written as a combination between A;(¢?) and A,(q?).
For the present study, we only consider the form factors
associated with the vector meson exchange F. (¢*) and
V(g?), and axial vector meson exchange A;(q?), since

these are the most important form factors in the limit of
zero lepton mass.

Using the holographic QCD approach, the semileptonic
form factors can be deduced from the three-point func-
tions [29,32]. The cubic terms of the 5D action used to
find the F, (¢?) are S(Vzr), and for V(¢?) and A, (¢*) are
S(VVr) and S(VAr), respectively. The expansion of the
5D action (3) to cubic order is given by,

—¢(2)
sG) = — / dsx{i’]MN C o (2(AY — By m) Ve g™ 4 Vi, (3 (nP7¢) — 248, 7€) hebe — Vi, Vb rekabe)
-

e_‘i)(z)

+
292

with the following definitions for g?¢, h?¢  and k¢,

SV VY + Vi AbAG + Al VEAG: + AGn V) | (29)

g = iTr({. X }" {1°. Xo }]).
hete = iTr([t4. Xo[{t". {1 Xo}}).
kebe = =2Tr([14, Xo| [ {2°. Xo }]).- (30)

In the present work, we are interested in the three-point interactions of the Vzz, VVz, and VAz. The corresponding part

of the action to these three-point interactions are

Zn e
Svaz = _/ dsx{’?MN Z3

e_{/)(z>
+ Z_ZWMPnizQ(Vg/INAl[))ACQ)fabC}
gs<

e_lﬁ(z)
SVVfr:/dsx 3 nMN(VX/IVXIﬂC)kabC
z:

Zm e_‘/’(z) e
SVA;[ — _/ dSX{ZnMN Z3 A%Vg;vﬂc(gabc _ hbac) +
€

(24 — 0y ) Vi g + Vi (9 () — 240 )

(31)

(32)

()

a b Ac abc
@”MP”NQ(VMNAPAQ)JC } (33)

Similar to the derivation of the electromagnetic form factors using the three point function [33], and semileptonic form
factors in the work of Refs. [29,32], one can obtain the F(g?), V(¢?), and A, (¢?) as the following,

~¢(2) 242
F+(q2) _ /dZe - <fabcaz¢navb(q2,z)az¢nc _ %(ﬂnu _ (ﬁna)l}b(qZ7 Z)(ﬂ.nc _ ¢nc)(gahc _ hhac)) , (34)

(M, + M,)g?
2

V(g®) =

e_(/)<z) .
[ @k @@ o). (35)

—¢(z) 2 2 _ 2
Al = [t (Ml M4 )fbacm(q%z)w’an<z>¢"c<z>

Z 2(M1 ‘I‘MQ)
- [ e A A e (36)
Z Z3 (Ml +M2) q-, 2)Yyyn(Z Z .
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TABLE I. The values of the free parameters with the unit of
MeV. The uncertainties come from the experimental measure-
ments of masses and decay constants used in the fitting.

m, =32+0.2 o, =(2962+79)* u=430+53
my = 142.3+2 o, = (259.8 £4)° k=30+4
m, =1597.1 £ 1.9 6, =(302+1)3 2, = 10000

IV. RESULTS

In this section, we show the numerical results for the
meson masses and decay constants of the vector, axial
vector, and pseudoscalar mesons at the ground state and the
form factors of the semileptonic decay process of D)
mesons to a pseudoscalar or vector mesons within the
framework of N, = 4 holographic QCD.

Firstly, let us set the parameters of the model. The
parameters of the model that can be found from the fitting
to the experimental data are y, m,,, my, m,, 6,,, 65, 6., K, and
Z,,- The value of yu is found to be 430 £ 5, 3 MeV from the
fitting of the experimental masses of the ground and higher
excited states of the p meson, where the uncertainty comes
from the masses of the rhos meson. Since the pion decay
constant and pion mass are related to the light quark mass
and condensate by the Gell-Mann-Oakes-Renner (GOR)
relation, fZm2 = 2m o, the measured value of the pion
decay constant f, = 92.4 =7 MeV and pion mass m, =
139.57039 4+ 0.00018 MeV were used to adjust the up
quark mass and up quark condensate. Similarly, we use the
GOR relation to fix the values of m, and o, from the
measured mass and decay constant of the kaon. After fixing
u, m,, and o, one can use the experimental value of the a;

TABLE II.

meson mass, m, = 1230 + 40, to determine the value of .
For the parameters of the charm sector, the mass m,. and
charm quark condensate o, are found from the fitting of the
model with the experimental value of the masses m, and
m,, . Following the work of Refs. [33,34], the value of z,,, is
fixed at 10 GeV. It is worth mention that, the UV limit of
the model is at the boundary of the AdS space, for the sake
of numerical calculations we choose a small value for the
holographic coordinate z at e = 0.001 MeV, and the
physics does not depend on ¢. The numerical values of
the parameters are provided in Table I.

By using the parameters in Table I, one can obtain the
ground state mass and decay constants of the vector, axial
vector, and pseudoscalar mesons. Table II presents the
results of the masses and decay constants. The holographic
QCD model is based on the large N_. expansion, so the
uncertainty of about 10%-20% is expected. The uncer-
tainties of the observables in Table II are less than 7%,
which is smaller than the expected uncertainties coming
from the large N, expansion. For that reason, we will not
include the uncertainties in the observables obtained in the
proceeding. It is worth noting that the SU(4) flavor
symmetry is explicitly breaking due to the different values
of the quark masses and condensates. And the consequence
of the flavor symmetry breaking is the difference between
the masses of the strange and charmed mesons with the
light flavor mesons. However, in the vector sector the mass
M{* in Eq. (17) is zero for a =1,2,3,8,15, and this
returns the same masses for the p, w, and J/¥ mesons. This
issue solved for the J/¥ meson by adding an auxiliary
heavy field to the action, which only include the contri-
bution of the charm quark to explicitly break the SU(4),, to

The predicted masses and decay constants calculated from the hQCD compared to experimental or

lattice data. The measured value of the mass of the vector, axial vector, and pseudoscalar mesons, and decay constant
of the pseudoscalar mesons are taken from the particle data group (PDG) [39]. The measured value of the decay
constant of the p and a; mesons are taken from Refs. [40] and [41], respectively. For the masses and decay constants
used to find the input parameters of the model, the word (fit) is used.

Meson Mass (MeV) Measured (MeV) Decay constant (MeV) Measured (MeV)
p (Fit) 775.26 +0.23 288.5+3.6 345+ 8
K* 860.1 £ 10.5 891.67 £0.26 288.3+3.3

D* 19149 +54.3 2006.85 £+ 0.05 413.4+£24.6

Dy 1911.4 +51.2 21122+ 04 427.8 £28.3

a; (Fit) 1230 £ 40 351.3+17.7 354 + 13
K, 1287.7 + 66.3 1253 £7 348.3 £ 18.8

fi 1287.97 £ 65.9 1281.9£0.5 346.8 £19.3

D, 2641.5 +20.7 2422.1 £ 0.6 502.1 £6.2

D, 2657.6 +14.9 2459.5 + 0.6 475.7+£5.2

b4 (Fit) 139.57039 4+ 0.00018 (Fit) 924 +7
K (Fit) 497.611 £ 0.013 (Fit) 110+ 5
n 740.5+0.9 547.862 +£0.017 126.3 £34

DO 20327 +11.8 1864.86 + 0.05 1993 +£2 149.8 +£5
D, 21143 +9.8 1968.35 £ 0.07 197.7+1.3 176.1 + 4
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TABLE IIL
experimental data.

Comparison of the maximum-recoil values of the form factors with the different theoretical approaches, lattice QCD, and

FFs hQCD LCSR [42] LCSR [43] LCSR [44] LCSR [45] CLFQM [46] CQM [49] CCQM [12] RQM [50] LQCD Experiment
D-7(0) 058  0.65 0.635 0.66 0.69 0.63 0.64  0.64 [51] 0.622 [7]
D=K(0) 057  0.76 0.661 0.79 0.78 0.78 0.716  0.73 [51]  0.725 [7]

727K ) 0.57 0.820 0.66 0.72 0.60 0.674 0.77 [52]  0.72 [9]
D119y 031 0.556 0.552 0.429 0.71 e 0.67 0.547 e 0.39 [11]
D=1(0)  0.66 0.611 0.520 0.495 0.76 0.78 0.78 0.443  0.564 [53] 0.45 [10]

rb=K’ 1.40 1.385 1.36 1.56 1.22 1.524  1.468 [54] 1.41 [8]

DK 1.53 1.309 1.55 1.82 1.40 1.61 1.67 [9]

SU(3)y [34]. Since the contributions of @ and J /¥ mesons
are not important for scope of the current work, we did not
include the auxiliary field in the 5D action.

Furthermore, we investigate the form factors of the
following  semileptonic  decay  processes, Dt —
(z,K,n,K*)I*y; and Dy — (K,n, K*)[Tv;. From the
experimental point of view, the semileptonic decays are
important to find the elements of the CKM matrix. For that
reason, it is important to determine the maximum-recoil
values of F,(¢*> =0), and V(¢*> = 0) and A,(¢*> = 0) for

D<+S) — (7, K,n)l"y;, and D<+S) — K*I'vy,, respectively.

Regarding the vector form factor for D(t) - K*Ity,, it is
more favorite to take the ratio between V(g> = 0) and
Ai(¢*> =0), r, = V(0)/A;(0) [9]. The comparison of the
maximum-recoil values at ¢g*> = 0 with the experimental
data, lattice QCD, and other theoretical approaches, e.g.,
light-cone sum rules (LCSR) [42—45], covariant light-front
quark model (CLFQM) [46—48], constituent quark model
(CQM) [49], covariant confined quark model (CCQM)
[12], relativistic quark model (RQM) [50] are presented in
Table II1.

For the case of the pion in the final state, the form factor
fP=7(0) is consistent with the experimental data and
lattice QCD with a small discrepancy of 6.75% and 9%,
respectively. Meanwhile to compare our full form factor
with the others qualitatively, we normalize the form factors
with the maximum-recoil values of F, (g> = 0). The result
of the form factor for D™ — zl*y; is shown in Fig. 2,
where we compare our calculation with the experimental
data [7], lattice QCD data [51], and different theoretical
approaches like LCSR, CLFQM, CQM, CCQM and
heavy-light chiral perturbation theory (HLyPT) (See
Ref. [55] and the references therein). The result of
F_(q?) is in excellent agreement with the experiment
and Lattice QCD and has a better reproduction compared
to other theoretical approaches.

In the case of D(S) — K, the form factor at zero
momentum has more discrepancy compare to D — 7,
which is 20%. This can be related to the fact that the mass
of the kaon is not well reproduced in the model as shown in
Table II. However, as shown in Fig. 3, the normalized form

factor F, (¢*) aligns very well with the experimental and
lattice QCD data and outperforming other theoretical
approaches, such as LCSR, CLFQM, CQM, CCQM,
HLyPT and large energy effective theory (LEET) (see
the caption of Fig. 3 for the references).

The Experimental form factors of D — 4")I*y, are
reported by the BESIII collaborations in Refs. [10,11]. In
the current analysis, we only study D™ — 5/*v,, and if one
wants to consider the #’ in the holographic QCD, the U(1),
axial anomaly should be considered [58]. The compatibility
of the form factors of the D™ — 75 decay with the
experimental data [11] and other theoretical frameworks
can be seen in Fig. 4. However, the result of the Df — 5
has some discrepancy with the experimental data [10] and
grows faster at large g>. The discrepancy of the D —
also can be seen from Table II for £~~7(0). It is worth
noting that similar incompatibility with the experimental
data has also been reported by other approaches such as
LCSR, CLFQM, CQM, CCQM and even lattice QCD has
discrepancy with 25%.

5 ,

— Ni=4,hQCD
HLXPT

4T . LcSR 2000

o

S | . cLram

R

U3 LQCD

& | = BESH

F?—> T
N

0.0 0.5 1.0 15 2.0 25 3.0
q* (GeV?)

FIG. 2. The semileptonic form factor F(g?) for D — zltv,.
Our result (solid red line) is compared with the experimental data
(blue square) [7], lattice data (cyan triangle) [51], CLFQM
(purple triangle) [46], LCSR (green triangle) [42], and HLyPT
(yellow triangle) [56].
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2.5 T T T T
23 s naco — Ng=4, hQCD
HLXPT cam
. LCSR 2000 S 20l 4 ccam o
Nt A — S LCSR 2006 e
2 + CLFQM QL\Q + CLFQM »
< LQCD % BESIII
= 1.5t S 150 "
2 = BESIII T
iy U
1.0 1.0
0.0 0i5 1i0 1i5 2.0 0.0 0t5 1i0 1t5 210
q* (GeV?) q* (GeV?)
FIG. 3. Results of F (¢?) for the decay of Dy, to kaon. Left: our result for D — KI*v; (solid red line), the experimental data (blue

square) [7], lattice data (cyan triangle) [51], CLFQM (purple triangle) [46], LEET (orange triangle) [57], LCSR (green triangle) [42],
and HLyPT (yellow triangle) [56]. Right: D, — KI*v; form factor (Solid red line) compared to the experimental data (Blue) [9],
CLFQM (purple) [46], LCSR (green) [43], CCQM (magenta) [12], and CQM (orange) [49].

, 2.2
22f . ccam — N=4,hQCD
a — N=4,hQCD , LCSR 2006 s
pof + CtFam = BESH 20p LCSR 2013 s
Or » CCQM A P
_ LCSR 2006 “1 =18 . cam LCSR 2015 {8
S 1.8f . LCSR2013 _f:m‘ = ‘l
ds LCSR 2015 o &, qel CCFOM o a eI A ]
Y L T
< o st
= = 141
= = o
1 W12}
1.04
0.8 . L L 0.8 . . . L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 2.0
q° (GeV?) 9% (GeV?)

FIG. 4. Form factor F, (¢?) for D+

— 7 in the present work (red), experimental data (blue) for D [11] and D, [10], CCQM (magenta)

[12], CQM (orange) [49], CLFQl\/l (cyan) [46], LCSR (green) [43], LCSR (black) [44], and LCSR (brown) [45].

Finally, we predict the vector form factors associated with
the vector meson exchange V(g?) and axial vector meson
exchange A, (¢?). As mentioned before, it is more interest-
ing to compare their ratios at maximum recoil. From the
experimental side, the form factors of D — K* and D; —

K* are not reported for the full range of momentum.

D,—K*
However, Only the ratio of rD=K" and r/, are measured.

Meanwhile the lattice QCD community calculated the D —

K* form factor. As shown in Table III, our results of 2=’

and rD ~K are well aligned with the experimental data. The

results ofthe D — K* and D; - K* form factors are shown
in Figs. 5 and 6, respectively. From Fig. 5, we can see that at
the low value of ¢, our results are within the range of the
other approaches and well consistent with lattice data [54].
However, by going to the high ¢?, the form factors V(g?)
and A, (qg?) are raised faster than other approaches. Similar
feature can be seen for D; — K* as shown in Fig. 6,

especially for the case of V(g?). This can be regarded as a
signal that, there maybe a missing information for the vector
form factors associated with the vector meson exchange
V(q?) and axial vector meson exchange A,(q?) using the
holographic QCD model.

V. CONCLUSIONS

In this study, we utilized a modified soft-wall holo-
graphic model with four flavors to comprehensively
investigate various aspects of mesons, including their
spectra, decay constants, and semileptonic form factors.
By fitting the model parameters to experimental meson
masses, we successfully determined the mass and decay
constants of vector mesons (p, K*, D*, and Dj), axial
vector mesons (a;, Ky, f;, Dy, and Dy;), and pseudoscalar
mesons (17, D, Dy). In the vector sector, we calculated
the decay constants of K*, D*, and D mesons and
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1.0 T T T T
0.8 -
AAMAAAA AAAMALM MMM AL
= T
& & 0.6f
d osh 1 4c
> — N=4, hQCD < — N=4, hQCD
0.6F Lattice 2002 | 04 Lattice 2002
VxaMm ' HLXPT
0.4f » CLFQM s CLFQM
0-2 1 1 1 1 0-2 1 1 1 1
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
7 (GeV?) 9 (GeV?)
FIG. 5. Comparison of the form factors V(¢?) (red) and A;(g?) (red) for D — K* with different theoretical approaches. Lattice data

(cyan) from Ref. [54], LEVyQM (yellow) from Ref. [55], CLFQM (purple) from Ref. [46], and HLyPT (yellow) from Ref. [56].

compared the result for the p meson with experimental
data, revealing a discrepancy of approximately 16%.
However, in the axial vector sector, the decay constant
of the a; meson exhibited excellent agreement with
experimental data. Moreover, we predicted the decay
constants of the # meson in our model, while we obtained
the decay constants of D and D, mesons and compared
them with the lattice data. Moreover, in our model, the
flavor symmetry is explicitly broken due to the different
values of the quark masses and condensates.
Furthermore, for three-point functions, we studied the
form factors f, (¢*) of the following semileptonic decay
processes, DV — (z,K,n)lTy, and Dj — (K,n)l"y
which associate with the exchange of a vector meson,
and V(q’) and A,(¢?) of the D) — K*I*y decays
associated with the vector and axial vector meson exchange,
respectively. The result of the form factor for D — zl "y,
f.(q*) shows excellent agreement with the experimental
data, and it is comparable with lattice QCD and other

2.0

— Ni=4, hQCD
VxQM
LCSR 2006

1.8¢

1.6

1.4

1.2

VK (g2

theoretical approaches. Likewise, the normalized form
factor f, (¢*) of the D, -to-kaon is very well consistent
with the experimental and lattice data and has a better
reproduction compared to other theoretical approaches;
however, there is a 20% discrepancy for D) — K at zero
momentum compare to experimental data. Another semi-

leptonic decay process is D(t,) — nl*y,;, similar to the form

factors of the pion and kaon, the normalized f (¢*) for the
D" — 7 is compatible with data; however, a little deviation
from the experimental data can be seen for D} — #. Finally,
we predicted the vector form factors V(g?) and A, (¢?) for
the decays D — K* and D, — K*. Our results agreed well
with other approaches and lattice data at maximum-recoil
f+(0) but increase dramatically at high momentum trans-
fers, particularly for Dy — K*. These results gave us a
signal that, there might be a missing dynamics at high
momentum transfers, and in the future, we should deeply
investigate these decay channels.

— Ni=4, hQCD
HLXPT
LCSR 2006

A CLFQM

1.0r

08 1

g

<

g aais Ak MMM
0.6'“ v ryvvy AAA 1
0.4f 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
7 (GeV?)

FIG. 6. D, — V form factors V(¢?) and A, (q?). The references for VyQM, CLFQM, and HLyPT are similar to the one mentioned in

Fig. 5. LCSR is taken from Ref. [43].
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In the future it would be interesting to extend the
calculation of the semileptonic form factors of the B
mesons, which contain the bottom quark using the holo-
graphic QCD model. Finally, we think that the model can
be further improved by using an explicit expression of the
dilaton profile, which respect the linear confinement and
spontaneous chiral symmetry breaking. We hope to dig
down to these topics in the future works.
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