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Inspired by recent improved measurements of charm semileptonic decays at BESIII, we study a large set
of D(D;)-meson semileptonic decays where the hadron in the final state is one of DY, . OX ;7<’) in the case
of D* decays, and D, ¢, K, K*(892)°, ) in the case of D} decays. The required hadronic form factors
are computed in the full kinematical range of momentum transfer by employing the covariant confined
quark model developed by us. A detailed comparison of the form factors with those from other approaches
is provided. We calculate the decay branching fractions and their ratios, which show good agreement with
available experimental data. We also give predictions for the forward-backward asymmetry and the
longitudinal and transverse polarizations of the charged lepton in the final state.
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I. INTRODUCTION

Semileptonic D(D,)-meson decays provide a good plat-
form to study both the weak and strong interactions
in the charm sector (for a review, see e.g., Ref. [1]).
Measurements of their decay rates allow a direct determi-
nation of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements |V .| and |V ,|. In particular, the average of the
measurements of BABAR [2,3], Belle [4], BESIII [5], and
CLEO [6] of the decays D — #(K)Zv was used to extract
the elements |V 4|, as recently reported by the Particle
Data Group (PDG) [7]. Such extraction of the CKM matrix
elements from experiments requires theoretical knowledge
of the hadronic form factors which take into account the
nonperturbative quantum chromodynamics (QCD) effects.
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The elements |V | and |V 4| can also be determined
indirectly by using the unitarity constraint on the CKM
matrix. This method was very useful in the past when the
direct measurements still suffered from large uncertainties,
both experimental and theoretical. Once these matrix
elements are determined, whether directly or indirectly,
one can in reverse study the strong interaction effects in
various charm semileptonic channels to reveal the decay
dynamics. One can also test the predictions of different
theoretical approaches, such as the form factors and the
branching fractions. In this manner, the study of semi-
leptonic charm decays can indirectly contribute to a more
precise determination of other CKM matrix elements such
as |V,|, in the sense that constraints provided by charm
decays can improve the theoretical inputs needed for
extracting |V,;,| from exclusive charmless B semileptonic
decays.

Recent progresses in experimental facilities and theo-
retical studies have made more and more stringent tests of
the standard model (SM) available in the charm sector and
have opened a new window through which to look for
possible new physics effects beyond the SM. These tests
include the CKM matrix unitarity, charge-conjugation-
parity violation, isospin symmetry, and lepton flavor
universality (LFU). Notably, the BESIII collaboration
has reported recently measurements of many semimuonic
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charm decays [8—10], some for the first time and some with
much improved precision. This paves the way to the search
for signals of LFU violations in these channels. In addition,
the study of the decays D, — ) ¢#*v, provides informa-
tion about the n —#' mixing angle and helps probe the
interesting 7 — #’-glueball mixing [11,12].

From the theoretical point of view, the calculation of
hadronic form factors plays a crucial role in the study of
charm semileptonic decays. This calculation is carried out
by nonperturbative methods including lattice QCD
(LQCD) [13-15], QCD sum rules [16-18], light-cone
sum rules (LCSR) [19-25], and phenomenological quark
models. Regarding the quark models used in studies of
semileptonic D decays, one can mention the Isgur-Scora-
Grinstein-Wise (ISGW) model [26] and its updated version
ISGW2 [27], the constituent quark model (CQM) [28], the
relativistic quark model based on the quasipotential
approach [29], the chiral quark model [30], the light-front
quark model (LFQM) [31-33], and the model based on the
combination of heavy meson and chiral symmetries
(HMyT) [34,35]. Several semileptonic decay channels of
the D, mesons were also studied in the large energy
effective theory [36], chiral perturbation theory [37], the so-
called chiral unitary approach (yUA) [38], and a new
approach assuming pure heavy quark symmetry [39].
Recently, a simple expression for D — K semileptonic
form factors was studied in Ref. [40]. We also mention here
early attempts to account for flavor symmetry breaking in
pseudoscalar meson decay constants by the authors of
Ref. [41]. It is worth noting that each method has only a
limited range of applicability, and their combination will
give a better picture of the underlined physics [28].

In this paper, we compute the form factors of
the semileptonic D(D,) decays in the framework
of the covariant confined quark model (CCQM) [42-45].
To be more specific, we study the decays DT—
(D°.p° 0., vy, Df—(D°,p, K0, K*(892)°,1./) 1y,
and D° — p~¢*v,. This paper follows our previous study
[46] in which some of us have considered the decays D —
K®¢ty, and D — nf*v, in great detail. Our aim is to
provide a systematic and independent study of D, semi-
leptonic channels in the same theoretical framework. This
will shed more light on the theoretical study of the charm
decays, especially on the shape of the corresponding form
factors, since the CCQM predicts the form factors in the
whole physical range of momentum transfer without using
any extrapolations. Besides, many of the studies mentioned
in the previous paragraph were done about a decade ago,
with the main focus on the branching fraction. In light of
recent data, more up-to-date predictions are necessary, not
only for the branching fraction but also for other physical
observables such as the forward-backward asymmetry and
the lepton polarization. Finally, such a systematic study is
necessary to test our model’s predictions and to better
estimate its theoretical error.

The rest of the paper is organized as follows. In Sec. II,
we briefly provide the definitions of the semileptonic
matrix element and hadronic form factors. Then we give
the decay distribution in terms of the helicity amplitudes. In
Sec. III, we introduce the essential ingredients of the
covariant confined quark model and describe in some
detail the calculation of the form factors in our approach.
Numerical results for the form factors, the decay branching
fractions, and other physical observables are presented in
Sec. IV. We compare our findings with other theoretical
approaches as well as experimental data including recent
LQCD calculations and BESIII data. Finally, the conclu-
sion is given in Sec. V.

II. MATRIX ELEMENT AND DECAY
DISTRIBUTION

Within the SM, the matrix element for semileptonic
decays of the D(;) meson to a pseudoscalar (P) or a vector
(V) meson in the final state is written as

M(D = (P.V)ly,)

Gr ] .
= 7§Vc.q((P, V)|gO#e|D))[¢ 0], (1)

where O* = y#(1 —ys), and ¢ = d, s. The hadronic part in
the matrix element is parametrized by the invariant form

factors which depend on the momentum transfer squared ¢>
between the two mesons as follows:

(P(p2)|gO*c|D5)(p1)) = F(q*)P*+F_(q*)q",
il

€
V(p,.€,)|g0*c|D(, =—22__[_g"PgAy(q>
(V(p2.€2)1q0"c|D(y(p1)) M1+M2[ ¢*PqAy(q”)
+PUPA () + 4" PA_()
+ie" "1V (q?)], (2)

where P = p; + py, ¢ = p; — p2, and ¢, is the polariza-
tion vector of the vector meson V, so that ez - po = 0. The
mesons are on shell: p} = mj, = M3, p3 = mpy = M.

For later comparison of the form factors with other
studies, we relate our form factors defined in Eq. (2) to the
well-known Bauer-Stech-Wirbel (BSW) form factors [47],
namely, F  for D) — P and Ay, and V for D) — V.
Note that in Ref. [47] the notation F; was used instead of
F . The relations read

A, =A,, V=V, F,=F,,
- M, —-M, . 7
A =—1L 24, Fo=F, +-——5F_,
YTM M, L Ve v
% M, - M, 612
= (A -A, ————5A_). 3
0 2M, <0 + M%—M% ()
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Here, the BSW form factors are denoted with a tilde to
distinguish from our form factors. However, for simplicity,
we will omit the tilde in what follows. In all comparisons of
the form factors to appear below, we use the BSW ones.
Once the form factors are known, one can easily
calculate the semileptonic decay rates. However, it is more
convenient to write down the differential decay width in
terms of the so-called helicity amplitudes which are
combinations of the form factors. This is known as the
helicity technique, first described in Ref. [48] and further
discussed in our recent papers [49,50]. One has

dl'(D) = (P V) vp)

dq?
GVl ()
961° M 7

2
3my

S| @)

mZ
x [(Hz—qu)<|H+|2+|H_|2+|HO|2>+

where |p,| = AY2(M?, M3, ¢*)/2M is the momentum of
the daughter meson in the rest frame of the parent meson.
Here, the helicity amplitudes for the decays D) — VZ tu,
are defined as

1

H, =———(—PgAy, +2M V),
+ M1+M2( qAy 1|p2| )
1 1
Hy = —Pg(M3 — M3 - ¢*)A
0 M1+M22M2\/?[ ( 1 2 ) 0
+4M%|p2|2A+],
1 M
W2l by agta) 4 2al (5)

H, =
! Ml + M2 Mz\/ q2
In the case of the decays D, — P¢%v, one has

:2M1|P2|

H.=0, H, F.,.
Ve
|
H,=—=(PqF, + ¢’F_). (6)

s

In order to study the lepton-mass effects, one can define
several physical observables such as the forward-backward
asymmetry A% (¢?) and the longitudinal P%(g¢*) and
transverse P%(q*) polarization of the charged lepton in
the final state. This requires the angular decay distribution,
which was described elsewhere [50]. In short, one can write
down these observables in terms of the helicity amplitudes
as follows:

3 |H. P = |H_]> +46,HoH,
{1+ 6,) % [HoP + 35, H,

Afp(q®) = (7)

(1-6,)> |H,|* —35,|H,|?

PO =) S
ety = 0 NP = P )

42 (1+6,) S |H, P +36,|H,

where §, = m2/24? is the helicity-flip factor, and the index
n runs through (4, —, 0). The average of these observables
over the ¢> range is better suited for experimental mea-
surements with low statistics. To calculate the average one
has to multiply the numerator and denominator of e.g.,
Eq. (7) by the phase-space factor C(q?) = |ps|(¢* —
m%)2 /q* and integrate them separately. These observables
are sensitive to contributions of physics beyond the SM and
can be used to test LFU violations [51-57].

III. FORM FACTORS IN THE COVARIANT
CONFINED QUARK MODEL

In this study, the semileptonic form factors are calculated
in the framework of the CCQM [42,43]. The CCQM is an
effective quantum field approach to the calculation of
hadronic transitions. The model is built on the assumption
that hadrons interact via constituent quark exchange only.
This is realized by adopting a relativistic invariant
Lagrangian that describes the coupling of a hadron to its
constituent quarks. This approach can be used to treat not
only mesons [58—-62], but also baryons [63—-65], tetraquarks
[66-68], and other multiquark states [69] in a consistent
way. For a detailed description of the model and the
calculation techniques we refer the reader to the references
mentioned above. We list below only several key features
of the CCQM for completeness.

For the simplest hadronic system, i.e., a meson M, the
interaction Lagrangian is given by

Line = gMM(x)/dxldXZFM<X;xlvx2)

X Gy (x2)lprqy (x1) + Hec, (10)

where g,, is the quark-meson coupling and I"); is the Dirac
matrix. For a pseudoscalar (vector) meson I, = ys
Ty = 7,)- The vertex function F(x,x;,x,) effectively
describes the quark distribution in the meson and is given by

2
Fy(x,x1,x,) = 5<x - Zwixi> @y ((x —x)%), (1)
i=1

where w, = m, /(m, + m,,) such that w; +w, = 1. The
function @;, depends on the effective size of the meson. In
order to avoid ultraviolet divergences in the quark loop
integrals, it is required that the Fourier transform of ®;, has
an appropriate falloff behavior in the Euclidean region. Since
the final results are not sensitive to the specific form of ®,,,
for simplicity, we choose a Gaussian form as follows:

114031-3
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@y (-p?) = /dxeipxd)M(xz) = eP'/Ny, (12)

where the parameter A,, characterizes the finite size of
the meson.

The coupling strength g,, is determined by the compos-
iteness condition Z,, = 0 [70], where Z,, is the wave
function renormalization constant of the meson. This
condition ensures the absence of any bare quark state in
the physical mesonic state and, therefore, helps avoid
double counting and provides an effective description of
a bound state.

In order to calculate the form factors, one first writes
down the matrix element of the hadronic transition. In the
CCQM, the hadronic matrix element is described by the
one-loop Feynman diagram depicted in Fig. 1 and is
constructed from the convolution of quark propagators
and vertex functions as follows:
|

4
(P(p2170%€IDy (p1)) = Ve, a1 [

_ d'k - ~
(V(p2 €2)|610ﬂc|D(s)(P1)> = NCQD(S)QV / mqu (=(k +wi3p1)?) Py (=(k +wazps)?)

x tr[O"S, (k + p1)r S5 (k)i Sa (k + pa)].

where N.=3 is the number of colors, w;; =
mg / (mqi + mqj), and S 1.2 are quark propagators, for which
we use the Fock-Schwinger representation

Si(k) = (m,, +§) / ™ dayexpl-a,(n, - k). (15)

It should be noted that all loop integrations are carried out
in Euclidean space.

Using various techniques described in our previous
papers, a form factor F can be finally written in the form
of a threefold integral

122 1
F=Nav, g [ dn [ da

1
X / day6(1 —a) — o) f(tay, tay),
0

OH

Dy(p) h(p,.(2)

T T

(DDm(f(k WPy )2) q)h (7(k + WD, )2)

FIG. 1.
decay.

Quark model diagram for the D )-meson semileptonic

WéD(S) (=(k +wi3p1)?)®p(=(k +wy3p2)?)

X tr[OS (k4 p1)r°S3(k)y> Sy (k + py)].

(13)

(14)

|
where f(fa;,ta,) is the resulting integrand corresponding
to the form factor F, and A is the so-called infrared cutoff
parameter, which is introduced to avoid the appearance of
the branching point corresponding to the creation of free
quarks and taken to be universal for all physical processes.

The model parameters, namely, the meson size param-
eters, the constituent quark masses, and the infrared cutoff
parameter are determined by fitting the radiative and
leptonic decay constants to experimental data or LQCD
calculations. The model parameters required for the cal-
culation in this paper are listed in Tables I and II. Other
parameters such as the mass and lifetime of mesons and
leptons, the CKM matrix elements, and physical constants
are taken from the recent report of the PDG [7]. In
particular, we adopt the following values for the CKM
matrix elements: |V 4| = 0.218 and |V | = 0.997.

Once the model parameters are fixed, the form factors are
obtained by calculating the threefold integral in Eq. (16).

TABLE I. Meson size parameters in GeV.
Ap Ap, Ak Ay Ay A, AH AY 0~ A
1.600 1.750 1.014 0.805 0.880 0.610 0.488 0.881 1.973 0.257 2.797
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TABLE II.  Quark masses and infrared cutoff parameter in GeV.
my;q mg me mp, 7
0.241 0.428 1.672 5.05 0.181

This is done by using MATHEMATICA as well as FORTRAN
code. In the CCQM, the form factors are calculable in
the entire range of momentum transfer. The calculated
form factors are very well represented by the double-pole
parametrization

(17)

Our results for the parameters F(0), a, and b appearing in
the parametrization Eq. (17) are given in Table III.

It is worth noting here that in the calculation of the
D — n") form factors one has to take into account the
mixing of the light and the s-quark components. By
assuming m, = my = m,, the quark content can be written

as
(n)_ <sin5 cosé)(q?g)
n) —cosd sind 55 )’
uit + dd
g=——-—. 18
qq 7 (18)

The angle 6 is defined by 6 =0p —60;, where 0; =
arctan(1/+/2) is the ideal mixing angle. We adopt the
value 8p = —15.4° from Ref. [71].

TABLE III. Parameters of the double-pole parametrization
Eq. (17) for the form factors.

F F0) a b F F(0) a b

ADTP 057 096 015 AP~
ADTP 147 047 -0.10
AP~ 055 101 0.17
AD=® 141 053 —0.10
AP 067 1.06 017
ADm? 213 059 —0.12
ADTK 057 113 021

AP 153 061 —0.11

-0.74 1.11 0.22
yD=p 076 1.13 023
AP=o 069 1.17 0.26
yb-w 072  1.19 027
AP~ 095 120 0.26
yb=¢ 091 1.20 025
AP=K 082 132 0.34
v~k 080 1.32 033

F2™ 067 093 012 FP>1 —037 102 0.18
FP=" 076 123 023 FP7  —0064 229 171
FP=P" 091 588 440 FP~P° —0.026 632 837
F27 078 0.69 0.002 F2=n —042 074 0.008
F2=7 073 088 0018 F2=" —028 092 0.009
F27% 060 1.05 018 F2oK 038 114 024
FP=P" 092 508 225 F2-P —034 679 891

IV. RESULTS AND DISCUSSION

A. Form factors

In this subsection, we compare our form factors with
those from other theoretical approaches and from exper-
imental measurements. For convenience, we relate all form
factors from different studies to the BSW form factors, as
mentioned in Sec. II. In the SM, the hadronic matrix
element between two mesons is parametrized by two form
factors (F, and F) for the P — P’ transition and four form
factors (Aj;, and V) for the P — V one. However, in
semileptonic decays of D and D, mesons, the form factors
Fy and A are less interesting because their contributions to
the decay rate vanish in the zero lepton-mass limit (the tau
mode is kinematically forbidden). Therefore, we focus
more on the form factors F, A, A,, and V. We note that
the uncertainties of our form factors mainly come from the
errors of the model parameters. These parameters are
determined from a least-squares fit to available experimen-
tal data and some lattice calculations. We have observed
that the errors of the fitted parameters are within 10%. We
then calculated the propagation of these errors on the form
factors and found the uncertainties on the form factors
to be of order 20% at small ¢*> and 30% at high ¢*. At
maximum recoil g> = 0, the form factor uncertainties are of
order 15%.

We start with the Dy — P transition form factor
F.(g?). In Table IV, we compare the maximum-recoil
values F(¢*> = 0) with other theoretical approaches. It is
observed that our results are in good agreement with other
quark models, especially with the CQM [28] and the
LFQM [32]. Besides, quark model predictions for F,(0)
of the D) — n") channels are in general higher than those
obtained by LCSR [22,24] and LQCD [14]. This suggests
that more studies of these form factors are needed. For
example, a better LQCD calculation of F, (0) is expected.
Note that the authors of Ref. [14] considered their LQCD
calculation as a pilot study rather than a conclusive one.

Regarding the D) — V transition form factors A;, A,
and V, it is more interesting to compare their ratios at
maximum recoil. The ratios are defined as follows:

(19)

In Table V, we compare these ratios with the world average
given by the PDG [7] and with other theoretical results
obtained in CQM [28], LFQM [32], HMyT [35], and
LQCD [13]. Our results for the form factor ratios r, and ry
agree well with the PDG data within uncertainty except for
the ratio ry(Dj — ¢), for which our prediction is much
lower than that from PDG. Note that our prediction
rv(Dy — ¢) = 1.34 is close to the value 1.42 from the
LFQM [32]. It is also seen that for most cases, the HMyT
predictions [35] for the ratios at g> = 0 are largely different
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TABLE IV.  Comparison of F (0) for D,y — P transitions.

D -y D -y D, =1 D, =1 D, - K°

Present 0.67 £0.10 0.76 £0.11 0.78 £0.12 0.73 +£0.11 0.60 £+ 0.09
CQM [28] 0.78 0.78 0.72
LFQM [32] 0.71 0.76 0.66
LQCDy,—470 mev[14] - 0.564(11) 0.437(18) e
LQCDyy, 370 mev[14] e e 0.542(13) 0.404(25)
LCSR [22] 0.552 +£0.051 0.458 £ 0.105 0.432 +0.033 0.520 + 0.080
LCSR [24] 0.42970-195 0.29210103 0.4957 505 0.558 0047
TABLE V. Ratios of the Dy — V transition form factors at maximum recoil.
Channel Ratio Present PDG [7] LQCD [13] CQM [28] LFQM [32] HM,T [35]
D-p ry 0.93 +£0.19 0.83 £0.12 0.83 0.78 0.51

ry 1.26 £0.25 1.48 £0.16 1.53 1.47 1.72
DT > w I 0.95 +£0.19 1.06 £0.16 e 0.84 0.51

ry 1.24 £0.25 1.24 £0.11 1.47 1.72
D - ¢ 7 0.99 +0.20 0.84 £0.11 0.74(12) 0.73 0.86 0.52

ry 1.34 £0.27 1.80 £ 0.08 1.72(21) 1.72 1.42 1.80
D — K r 0.99 +0.20 e e 0.74 0.82 0.55

ry 1.40 £0.28 1.82 1.55 1.93

from the PDG values, demonstrating the fact that this
model is more suitable for the high ¢ region.

In order to have a better picture of the form factors in the
whole ¢* range 0 < ¢* < g = (mp, —mpy)* we plot
in Figs. 2-5 their ¢*> dependence from various studies. It is
very interesting to note that, in all cases, our form factors
are close to those obtained in the covariant LFQM [32], and
this is not for the first time such a good agreement is
observed. In a previous study of the semileptonic decays
B. — J/y(n.)¢v [72] it was seen that the corresponding
form factors agree very well between our model and the

F, for D;* - K° transition
s T

T T

: — Present
1.6 LFQM
[ LCSR 2006

qz(Gevz)

FIG.2. Form factor F_ (¢?) for D} — K° in our model, LFQM
[32], LCSR [20], and CQM [28].

covariant LFQM [73]. This suggests that a comparison of
the two models in more detail may be fruitful. It is also
worth noting that the HMyT [35] prediction for the form
factor Ay(qg?) is systematically much higher than that from
other theoretical calculations.

Very recently, the ETM collaboration has provided the
lattice determination [75] for the full set of the form factors
characterizing the semileptonic D — #(K)Zv and rare
D — 7(K)¢¢ decays within and beyond the SM, when
an additional tensor coupling is considered. As mentioned
before, the decays D — 7(K)Zv have been studied in our
model already [46]. However, we compute the D —
7(K)Zv form factors including the tensor one in this paper,
in order to compare with the recent ETM results. This
demonstrates the fidelity of the CCQM predictions for the
hadronic form factors and helps us better estimate the
theoretical uncertainties of our model. Moreover, the tensor
and scalar form factors are essential for the study of
possible new physics in these decays [for more detail we
refer to a similar calculation of the full set of B — D) and
B — 7(p) form factors in our model [76,77]].

The new tensor form factor is defined by

(P(p2)lgo™ (1 =y°)c|D(py))
_iF(¢?)

e (Prg = Pt g i),
1 2

(20)
Note that we obtained F(g?) by using the form factors
F . (¢*) and F_(q?) defined in Eq. (2), with the help of the
relation
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F.(¢% for D* - 7 transition

1.4 f Present )
L LFQM
r LCSR 2006
120 . LCSR 2013 ]
"""" LCSR 2015

] 1.0}

] 08}k ]

F.(¢g% for D* - 1 transition

Present
LCSR 2013
LCSR 2015

loat 1
0.0 0.2 0.4 0.6 0.8
7*(GeV?) ¢*(GeV?)
2 + s
F.(q") for D™ — 1 transition F.(¢%) for Dyt - 7' transition

1.6 F T T T T T T T T T T T T T T T = T T T T T T T T T T T T T T T T T T T

: Present ] Present

s LFQM 091 LCSR 2013 ]
1.4 [ LCSR 2006 T f e LCSR 2015

————— LCSR 2013
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FIG. 3. Form factor F (q?) for D& — 1) in our model, LCSR [20,22,24], and CQM [28].
5 5 q° 5 21 maximum recoil. One sees that our results agree with the
Fo(q®) = Fi(q°) + M2 — M3 F_(q%). (21) " ETM calculation within uncertainty.

Meanwhile, the ETM collaboration directly calculated the
scalar matrix element (P(p,)|gc|D(p;)) and then deter-
mined F,(g?) using the equation of motion. In this way, the
final result becomes sensitive to the quark mass difference.

In Fig. 6 we compare the form factors F(q?), F,(q°),
and Fp(q?) of the D — n(K)¢v transitions with those
obtained by the ETM collaboration. It is seen that our
Fy(q?%) agrees well with the ETM only in the low ¢ region.
However, our results for F, (g*) are very close to those of
the ETM. Note that the determination of F,(g?) by the
ETM is dependent on Fy(q?). It is interesting that the
tensor form factors between the two studies are in perfect
agreement. Even though this form factor does not appear
within the SM, this agreement has an important meaning
because, in both approaches, the tensor form factor is
determined directly from the corresponding matrix element
without any additional assumptions. In Table VI, we
present the values of the form factors and their ratios at

B. Branching fractions and other observables

In Tables VII and VIII, we summarize our predictions for
the semileptonic branching fractions of the D and D
mesons, respectively. For comparison, we also list results of
other theoretical calculations and the most recent exper-
imental data given by the CLEO and BESIII collaborations.
Note that the uncertainties of our predictions for the
branching fractions and other polarization observables
are of order 50%, taking into account only the main source
of uncertainties related to the form factors.

In general, our results for the branching fractions are
consistent with experimental data as well as with other
theoretical calculations. It is worth mentioning that,
for such a large set of decays considered in this study,
our branching fractions agree very well with all available
experimental data except for one channel, the
D} — K% *v,. In this case, our prediction is nearly twice
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FIG. 6. D — z(K)¢v form factors obtained in our model (solid lines) and in lattice calculation (dots with error bars) by the ETM

collaboration [75].

as small as the CLEO central value [83] and about 30%

smaller than the LFQM prediction [33].

We also give prediction for the ratio I'(D° —
pety,)/2(DT — pPe*v,) which should be equal to
unity in the SM, assuming isospin invariance. Our

calculation yields 0.98, in agreement with CLEO’s result

of 1.03 £ 0.09709% [74]. Besides, our ratio of branching

TABLE VL. D — z(K)£v form factors and their ratios at g> = 0.

fractions B(DY — n'e*v,)/B(D} - netv,) = 0.37 coin-
cides with the result 0.36 4- 0.14 obtained by CLEO [85]
and the more recent value 0.40 +0.14 by BESIII [84].

£27(0) 125(0) 157(0) 155(0) 157 0)/£27(0) 2K (0)/£7%(0)
Present 0.63 0.78 0.53 0.70 0.84 0.90
ETM [75] 0.612(35) 0.765(31) 0.506(79) 0.687(54) 0.827(114) 0.898(50)
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TABLE VII.  Branching fractions of D*(D)-meson semileptonic decays.
Channel Unit Present Other Reference Data Reference
DY = pety, 1073 1.62 1.97 Y UA [38] 1.445 +0.058 £+ 0.039 BESIII [78]
1.7491052) 4+ 0.006 LCSR [25] 1.77 £0.12 £ 0.10 CLEO [74]
2.0 HM,T [35]
D’ = puty, 1073 1.55 1.84 yUA [38]
DT = plety, 1073 2.09 2.54 yUA [38] 1.860 + 0.070 £+ 0.061 BESIII [78]
221740334 10015 LCSR [25] 217 +0.127912 CLEO [74]
2.5 HMyT [35]
Dt - puty, 1073 2.01 2.37 yUA [38] 24+04 PDG [7]
DT - we'y, 1073 1.85 2.46 yUA [38] 1.63 £0.11 +£0.08 BESIII [79]
2.5 HMyT [35] 1.82 £ 0.18 £ 0.07 CLEO [74]
2.1£02 LFQM [33]
Dt - apty, 1073 1.78 2.29 xUA [38]
20£0.2 LFQM [33]
DT = pety, 1074 9.37 12+1 LFQM [33] 10.74 £ 0.81 £ 0.51 BESIII [80]
24.5 +£5.26 LCSR [22] 1144+09+04 CLEO [81]
14.24 +10.98 LCSR [24]
DY = nuty, 10~ 9.12 1241 LFQM [33]
Dt - pety, 1074 2.00 1.8£0.2 LFQM [33] 191 +£0.51+£0.13 BESIII [80]
3.86 £ 1.77 LCSR [22] 2.16 £0.53 +0.07 CLEO [81]
1.52 +£1.17 LCSR [24]
D" > uty, 1074 1.90 1.74+0.2 LFQM [33]
TABLE VIII. Branching fractions of D -meson semileptonic decays (in %).
Channel Present Other Reference Data Reference
D} - ¢etv, 3.01 2.12 yUA [38] 2.26 +£0.45 +0.09 BESIII [9]
3.1+£03 LFQM [33] 2.61 £0.03 £ 0.08 £0.15 BABAR [82]
24 HM,T [35] 2.14 +£0.17 £ 0.08 CLEO [83]
Df — ¢u'ty, 2.85 1.94 yUA [38]
29+0.3 LFQM [33] 1.94 +£0.53 £ 0.09 BESIII [9]
D — K%*u, 0.20 0.27 +£0.02 LFQM [33] 0.39 +£0.08 +0.03 CLEO [83]
D} — KOuty 0.20 0.26 +£0.02 LFQM [33]
W
D = K¥ety, 0.18 0.202 xUA [38] 0.18 £ 0.04 £ 0.01 CLEO [83]
0.19 £0.02 LFQM [33]
0.22 HMyT [35]
Df — K"y, 0.17 0.189 Y UA [38]
0.19 +£0.02 LFQM [33]
D = netv, 2.24 226 +0.21 LFQM [33] 2.304+0.31 +0.08 BESIII [84]
2.00 +£0.32 LCSR [22] 228 £0.14 +0.19 CLEO [83]
2404+ 0.28 LCSR [24]
Df = nquty, 2.18 2.22 +£0.20 LFQM [33] 2424046 +£0.11 BESIII [9]
DY - nety, 0.83 0.89 +0.09 LFQM [33] 0.93 £ 0.30 £ 0.05 BESIII [84]
0.75+0.23 LCSR [22] 0.68 +0.15 + 0.06 CLEO [83]
0.79 £ 0.14 LCSR [24]
D = n'uty, 0.79 0.85 +0.08 LFQM [33] 1.06 £+ 0.54 + 0.07 BESIII [9]
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TABLE IX. Semileptonic branching fractions for D(t) — D%y,

Channel Present Other Reference Data Reference
DT — D%*y, 223 x 10713 2.78 x 10713 [88] <1.0x10™* BESII [87]
2.71 x 10713 [89]

D} — DVety, 2.52x 1078 (2.97 £0.03) x 1078 [88]
3.34 x 1078 [89]
TABLE X. Forward-backward asymmetry and lepton polarization components.
(Afs) (Ars) {PL) (P1) {P7) (P7)
DY = p=ttu, 0.21 0.19 —1.00 -0.92 1.4 %1073 0.22
DT = p¢ty, 0.22 0.19 —1.00 -0.92 1.4x1073 0.22
DT - wftu, 0.21 0.19 —1.00 -0.92 1.4x 1073 0.22
DT = nttu, —6.4 x 107° —-0.06 —-1.00 —0.83 2.8x 1073 0.44
Dt > y/tty, -13.0x 107° —0.10 —1.00 —-0.70 42 %1073 0.59
Dt - D%y, —-0.10 e -0.72 e 0.56 e
D - ¢t ty, 0.18 0.15 —1.00 -0.91 1.5% 1073 0.23
D —» K*%*u, 0.22 0.20 —1.00 -0.92 1.4 %1073 0.22
D} —» K°%¢*v, -5.0x 107° —-0.05 —1.00 —0.86 2.4 x1073 0.39
Df - nttu, —6.0 x 1076 —0.06 —-1.00 —0.84 2.7 x 1073 0.42
D - n'tty, -11.2x107° —0.09 -1.00 —-0.75 3.8x 1073 0.54
D} — D%*u, -7.37 x 1074 e —1.00 e 0.038 e

Finally, we predict B(D* — n'e*v,)/B(D" - netv,) =
0.21, which agrees very well with the values 0.19 + 0.05
and 0.18 £ 0.05 we got from experimental data by CLEO
[81] and BESIII [80], respectively. It is worth mentioning
here that very recently, the BESIII collaboration has
reported their measurement of B(D® — K~ u"v,) [86] with
significantly improved precision. In their paper, they also
approved the prediction of our model for the ratio B(D° —
K~ ptv,)/B(D° - K~e'tw,) provided in Ref. [46].

In Table IX, we present our results for the semileptonic
decays Dz:) — D%*w,, which are rare in the SM due to
phase-space suppression. These decays are of particular
interest since they are induced by the light quark decay,
while the heavy quark acts as the spectator. Besides, the
small phase space helps reduce the theoretical errors. The
first experimental constraint on the branching fraction
B(D* — DY*v,) was recently obtained by the BESIII
collaboration [87]. However, the experimental upper limit
is still far above the SM predictions. The branching
fractions obtained in our model are comparable with other
theoretical calculations using the flavor SU(3) symmetry in
the light quark sector [88,89].

Finally, in Table X we list our predictions for the
forward-backward asymmetry (A%;), the longitudinal
polarization (P7), and the transverse polarization (P%)
of the charged lepton in the final state. It is seen that, for the
P — V transitions, the lepton-mass effect in (A% ) is small,
resulting in a difference of only 10%—-15% between the
corresponding electron and muon modes. For the P — P’
transitions, (Afg) are about 10* times larger than (Agg).
This is readily seen from Eq. (7): for P — P’ transitions the
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two helicity amplitudes H, vanish and the forward-back-
ward asymmetry is proportional to the lepton mass squared.
Regarding the longitudinal polarization, the difference
between (P;) and (P$) is 10%-30%. One sees that the
lepton-mass effect in the transverse polarization is much
more significant than that in the longitudinal one. This is
true for both P — P’ and P — V transitions. Note that the
values of (Af;) and (PZ(T)> for the rare decays D(J; -
D'e*y, are quite different in comparison with other P —
P’ transitions due to their extremely small kinematical
regions.

V. SUMMARY AND CONCLUSION

We have presented a systematic study of the D and D
semileptonic decays within the framework of the CCQM.
All the relevant form factors are calculated in the entire
range of momentum transfer squared. We have also
provided a detailed comparison of the form factors with
other theoretical predictions and, in some cases, with
available experimental data. In particular, we have observed
a good agreement with the form factors obtained in the
covariant LFQM, for all decays. It is worth noting that our
tensor form factors for the D — z(K)¢v decays are in
perfect agreement with the recent LQCD calculation by the
ETM collaboration [75].

We have given our predictions for the semileptonic
branching fractions and their ratios. In general, our results
are in good agreement with other theoretical approaches
and with recent experimental data obtained by BABAR,
CLEO, and BESIIIL. In all cases, our predictions for the
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branching fractions agree with experimental data within
10%, except for the D — K°/*v, channel. Our predic-
tions for the ratios of branching fractions are in full
agreement with experimental data. To conclude, we have
provided the first ever theoretical predictions for the
forward-backward asymmetries and lepton longitudinal
and transverse polarizations, which are important for future
experiments.
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Note added.—Recently, we became aware of the paper [90]
where the BESIII collaboration reported their new mea-
surements of the branching fractions for the decays
D} = K%"v, and D — K*%¢*y, with improved preci-
sion. They also obtained for the first time the values of the
form factors at maximum recoil. Our predictions for the
branching fraction B(D} — K*%e*v,) as well as the form
factor parameters - (0), ri**"(0), and 2% (0) agree
with the new BESII results. Regarding their result
B(Df — K%"v,) = (3.25+£0.41) x 1073, the central
value is closer to our prediction, in comparison with the
CLEO result [83]. However, the BESIII result is still at 1o
larger than ours.
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