Chapter 5

Weak Decays of Open Flavor Mesons

5.1 Introduction

Charm sector is a good platform to test the absolute scale of computed decay am-
plitudes in terms of form factors because the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements can be determined independently for D decays by exploiting the
CKM unitarity and numerical values of the matrix elements for B decays. Study
of charm decays is also important for understanding of new physics (NP) affecting
the up-type quark dynamics as it is the only up-type quark displaying flavor oscil-
lations [263,264]. Some hints about the dynamics of TeV scale QCD are expected
from charm flavour oscillations in the same line of charm mass and dynamics predic-
tions from experimentally observed low energy kaon oscillations [265]. These flavour
oscillations are very sensitive probes for the underlying new physics interactions

involving charged particles.

Semileptonic decays have reasonably large amplitudes making them more accessible
in recently upgraded experimental facilities and hence are considered to be primary
source to get information about CKM matrix elements. Charmed meson semilep-
tonic decays are the easiest direct way to determine the magnitude of quark-mixing
parameters i.e. direct access to |V.s| and |V,4|. The study of charm semileptonic
decays provides insight to |V,,|? via matrix elements that describe strong interaction
effects and may contribute to a precise determination of the CKM matrix element
|Vip| via constraints provided by charm decays to reduce the model dependence
in extracting |V,,| from exclusive charmless B semileptonic decays. For example,

flavour symmetry relates the form factors of the semileptonic decays of D and B
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systems. Recently, the matrix elements |V 4| was extracted (PDG [I]) from the ex-
perimental results from the BABAR [266,267|, Belle [268|, BESIII [269], CLEO [270]
in the channel D — 7w (K){*u,.

Many lattice quantum chromodynamics (LQCD) papers are available in literature
regarding the semileptonic form factors for the channel D — (K, 7)¢v,. However, in
the light sector of daughter meson, the first successful computation of form factors
for Dy — LTy, from full LQCD was reported by HPQCD collaboration [2I]. Later,
D, — n" ¢+, semileptonic form factors were also reported for the first time using
LQCD [22]. The heavy (D) to light (m, p, w, ¢, n’, K ) form factors have also
been computed within the QCD sum rules [271,272] and light cone QCD sum rules
(LCSR) [273-276]. The LCSR along with heavy quark effective theory (HQET)
has also been employed for computing the transition form factors and branching
fractions [277]. Recently, computation of form factors and semileptonic branching
fractions of D — p decays have been reported using LCSR with chiral correlator
[278]. The heavy to light form factors are also computed in the heavy quark limit of
the large energy effective theory [279], constituent quark model [280)], chiral quark
model (yQM) [281] and chiral perturbation theory [282]. The form factors and
semileptonic branching fractions of D, mesons are also computed in the frame
work of heavy meson chiral theory (HMxT) [283,284] and the light front quark
model (LFQM) [285H287]. The authors of Ref. [288] have computed the semileptonic
branching fractions of D, mesons in the chiral unitary (yUA) approach.

In this chapter, we compute the semileptonic branching fractions of the charmed
(D) and charmed-strange (D}) meson to light mesons (p, w, ¢, ) and K®*)°).
The required transition form factors are computed in the frame work of Covariant
Confined Quark Model (CCQM) [57./58,289]. The CCQM is the effective field theory
approach with the infrared confinement for the hadronic interactions with their
constituents. This allows us to compute the form factors in the complete physical
range of momentum transfer. We also compute the semileptonic branching fractions
for Dz;) — D% *y,. These are the rare class of semileptonic decays where the
light quark decays weakly leaving behind the heavy quark as a spectator. Recently,
BESIII collaboration has reported the upper bound on the branching fraction for
the channel Dt — D%y, at 90% confidence level to be 1.0 x 107* [290]. These

channels were studied within the SU(3) symmetry [291] as well as heavy flavour

conserving decays [292].
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The next section gives detailed formulation of the model CCQM. Next, we provide
the branching fractions in terms of helicity structure functions followed by the results
in comparison with the experimental data and theoretical predictions. This study
comprising computation of leptonic and semileptonic decays of D and D(,) mesons
is published in Physical Review D [293294]. In these papers, we have considered the
channels D° — (K—, 7=, p~, K*(892)"){*vy, Dt — (K°, 7% 0,1/, 0%, w, K*(892)%) 1,
and DF — (K° n,n', ¢, K*(892)" )Ty, for £ = e and p.

5.2 Methodology

The CCQM is an effective quantum field approach [57,58,289] for hadronic in-
teractions that utilizes an effective Lagrangian for hadrons interacting with the
constituent quarks. In this model it is assumed that hadrons interact with the con-
stituent quarks only. The Lagrangian describing the coupling of meson M (q;G2) to

its constituent quarks ¢; and ¢ is given by

‘Cint = gMM(ZL')/d[L‘l/dl‘gFM(l‘,ZEl,l‘Q)QQ(fEQ)FMql(ZL'l) +HC (51)

where I'); is the Dirac matrix and projects onto the spin quantum number of relevant
mesonic field M(zx). F); is the vertex factor which characterizes the finite size of the
meson and is invariant under translation Fy/(z + a,z1 + a,xs + a) = Fy(x, 21, x2).
This ensures the Lorentz invariance of the Lagrangian Eq. (&) for any value of

four-vector a. We choose the following form of the vertex function

Fy(z, xq,29) = 5@ (:c — szxl> D, ((:cl — x2)2) (5.2)

i=1
with @, is the correlation function of two constituent quarks with masses m,, and

My, and wy, = my, /(mg, +my,) such that w, + wy = 1.

We choose Gaussian function for vertex function as

Py (—p?) = exp (p?/AY)) (5.3)

with the parameter A, characterized by the finite size of the meson. Note that any
form of ®,, is appropriate as long as it falls off sufficiently fast in the ultraviolet
region of Euclidian space in order to overcome the ultraviolet divergence of the loop

integral. The local fermion propagator for the constituent quarks is given by

Salk) = — (5.4)




with an effective constituent quark mass m,. The compositeness condition [59,60]

9,

Figure 5.1: Diagram describing meson mass operator.

is used to determine the coupling constant gy, in Eq. (5.))

39%/[ T/ 2

where IT),(p?) is the derivative of the mass operator taken on the mass-shell p* =
m3,. By using the Fourier transformation of the vertex function in Eq. (5.3)) and
quark propagator in Eq. (&4]), one can write the meson mass function defined in
Fig. B.1l For pseudoscalar meson

Ip(p®) = Negp / %i’%(—lfﬁr (7551(/% +wip)y°Sa(k — pr)), (5.6)

and for vector meson

~ d*k -
I (p*) = Negi / W@%(—W)tr(v“&(k: + wip)y” So(k — w2p)> (5.7)
where N, = 3 is the number of colors. Since the vector meson is on its mass-shell,

one has ey - p = 0 and needs only the part of the vector meson function proportional

to g, given by

i ) = 3 (0~ 25 ) T20) 5:8)

The loop integrations in Egs. (5.6]) and (5.7)) are performed with Fock-Schwinger

representation of quark propagators

_ 1 . mgt k+ P
= (mg+ J+ §) /dae—a[mﬁ—%ﬂ)ﬂ, (5.9)

0
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allowing tensor loop integral by conversion of the loop momentum to the derivative
of the exponential function. All the loop integrations are performed in FKuclidean

space transformed from Minkowski space using the Wick rotation

k?o = ei%k4 = ’Lk’4 (510)
so that k2 = k% — k? = —k2 — k2 = —k2 < 0. Simultaneously one has to rotate all
external momenta, i.e. py — ipy so that p*> = —p% < 0. Then the quadratic form in

Eq. (5.9) becomes positive-definite,
2 22 2
my — (k+p)* =m; + (kg +pr)” >0 (5.11)
where the integral over « is convergent.

Collecting the representation of the vertex function Eq. (5.3) and quark propagator
Eq. (5.4), we perform the Gaussian integration in the derivatives of the mass func-
tions in Eqgs. (5.6) and (5.7). The exponential function has the form ak? + 2kr + 2,
where r = bp. Using the following properties

1
k" exp(ak® + 2kr + z)) = Lo exp(ak® + 2kr + 2),
20r,
k'K exp(ak® + 2kr + z9) = L0190 exp(ak?® + 2kr + zy), etc
P 07 9 r, 20r, P 0/ )

one can replace £ by g, = fy“a% in order to perform the exchange of tensor in-
"
tegrations for differentiation of the Gaussian exponent. The r-dependent Gaussian

exponent e"/% can be moved to the left through the differential operator @, using

i —r?fa  _  —r%/a _ﬁ + i

8TM€ = € a 87”M 9
o 0 2 [ 20% D 2" 0
v —rffa  _ -r?fa | _ 2 SN [ . 12
T b R T e

Finally, we move the derivatives to the right by using the commutation relation

o,
or,’

The last step has been done by using a FORM code [295] which works for any num-

= g". (5.13)

bers of loops and propagators. In the remaining integrals over the Fock-Schwinger
parameters 0 < «; < 0o, we introduce an additional integration which converts the

set of Fock-Schwinger parameters into a simplex. Using the transformation [296]

/daif(ala . an) _ /dttn—l ﬁ /dazé (1 — i (Ii) f(tozl, . ,tOén) (514)
0 0 =1 i=1
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Finally, we have

0 1
- 392, [dtt
Iy (p?) = % o /da e tRtEM £ (t ), (5.15)
o M3
2 = am; +(1—a)mi, —a(l —a)p?,
i 2$Mt 2 9
ZM = 2$M +t(a UJQ) D,
ay = 28y +t, b= (a—wsy)t.

where Sy = 1/A3; and the function fy;(¢, ) coming from the trace evaluation in

Egs. (5.6) and (5.7).

It can be seen that the integral over ¢ in Eq. (5.5 is well defined and convergent
below the threshold p* < (mg, + my,)? The convergence of the integral above
threshold p* > (my, + my,)?* is ensured by incrementing the quark mass by an
imaginary part, i.e. m, — m, — i, € > 0, in the quark propagator Eq. (B.4).
This allows transformation of the integration variable t to imaginary axis t — .
As a result, the integral Eq. (5.15]) becomes convergent, however it does obtain an

imaginary part that accounts for quark pair production.

However, by truncating the scale of integration to the upper limit by introducing

the infrared cutoff
1/22

7dt(. L) = / dt(...), (5.16)

0

all possible thresholds present in the initial quark diagram can be removed [289).
Thus the infrared cutoff parameter A\ ensures the confinement. This method is
quite general and can be used for diagrams with an arbitrary number of loops and
propagators. In CCQM, the infrared cutoff parameter \ is taken to be universal for

all physical processes.

Since the model CCQM is not based on the first principle, we need to fix the param-
eters such as quark masses (m,) and meson size parameters (Aj) as in Tab. BT and
Tab. respectively. The model parameters are determined by fitting computed
leptonic and radiative decay constants to available experimental data or LQCD for
pseudoscalar and vector mesons. The matrix elements of the leptonic decays are

described by the Feynman diagram shown in Fig. The leptonic decay constants
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Table 5.1: Quark masses and infrared cutoff parameter in GeV

My /d Mg me my A
0.241 0428 1.672 5.05 0.181

Table 5.2: Meson size parameters in GeV

Ap  Ap, Ak Axe Ay A, A, A AP A AT AT
1.600 1.784 1.014 0.805 0.883 0.624 0.488 0.870 0.881 1.973 0.257 2.797

of the pseudoscalar and vector mesons are defined by

d'k -~ 9 5
N.gp / GO (RNO"S (b + gy Salk = wap)] =

4 ~
Ncgv/%(]ﬁv(—kQ)tr[O“Sl(kjLwlp) ZoSo(k —wop)] = myfrel (5.17)

where N, is the number of colors and O* = v#(1 — ;) is the weak Dirac matrix with

left chirality. Our results for the leptonic decay constants are given in the Table 5.3

k+p
v
p
—>
D
[
k

Figure 5.2: Quark model diagrams for the D-meson leptonic decay

The decay constants we use in our calculations match quite well with PDG, LQCD

and QCD sum rules (QCDSR) parameters.

In the SM, pure leptonic decays D(J;) — vy proceed by exchange of virtual W boson.

The leptonic branching fraction is given by

G% 2 m? ’ 2 9
B(Dy — tw) = 5 o | 1 o b Veal 0, (5.18)
(s)

where, G is the fermi coupling constant, mp and m, are the D-meson and lepton
masses respectively and 7p, is the D(s-meson lifetime. fp  is the leptonic decay

constant of D-meson from Table 5.3l The resultant branching fractions for ¢ = 7, i
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Table 5.3: Leptonic decay constants fy (in MeV)

fu Present Data Reference

o 206.08 202.2 (2.2) (2.6) LQCD [297]
210 £ 11 QCDSR [298]
211.9(1.1) PDG [1]

fp. 257.70 258.7 (1.1) (2.9) LQCD [297]
259+ 10 QCDSR [298]
249.0(1.2) PDG [1]

fo./fp 1.25 1.173(3) PDG [I]

K 156.96 155.37(34) LQCD [299]
157.9+1.5 LQCD [300]
155.6(0.4) PDG [I]

I 130.30 130.39 (20) LQCD [299]
132.3£1.6 LQCD [300]
130.2(1.7) PDG [1]

fr/fx 1.20 1.1928(26) PDG [I]

I 244.27 278 £13+ 10 LQCD [301]
263 £ 21 QCDSR [298]

Ips 272.08 311+9 LQCD [301]
308 + 21 QCDSR [298]

free 226.81 222 +8 QCDSR [302]

fo 218.28 208.5£55+£0.9 LQCD [303]

fo 226.56 238+ 3 LQCD [304]
215£5 QCDSR [302]

fu 198.38 194.60 + 3.24 LFQM [286]

and e are given in Table[5.4l T is important to note here that the branching fractions

are affected by different lepton masses through the helicity flip factor (1—m?/ mQD(S)) .

2

Table 5.4: Leptonic D(t,) branching fractions

Channel Present PDG Data [I]

DT — ety 8.42 x 107 <88x107°

Dt = uty, 3.57 x 1074 (3.744+0.17) x 10~*
Dt — 7, 0.95 x 1073 <12x1073

Df — etu, 1.40 x 10~ <83 x107°

DF = utu, 5.97 x 107 (5.50 £ 0.23) x 103
DF = tu, 5.82 % (5.48 = 0.23)%
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5.3 Form factors and differential decay distribution

After fixing all the model parameters, we employ CCQM to compute the semilep-
tonic branching fractions of D,y — P/V transition where P and V' corresponds to
pseudoscalar and vector daughter mesons. We start with the definitions of the form
factors. The invariant matrix element for this decay can be written as

M(Dgy) = (P.V) 1) = G—ém«a V)71 = 15)el Do)t O (5.19)

where O* = 7,(1—75) and = = d, s. The matrix elements for the above semileptonic

transitions in the covariant quark model are defined by the diagram in Fig[5.3l The

OP
q[ kip[ - klpz qZ II
D(p) L k%)

|
\

— — \

4, ‘k q,; \

(DD(—(k+W13p1)2) (DK(., (_(k+wzzpz)2)

Figure 5.3: Quark model diagrams for the D-meson semileptonic decay

matrix element for the semileptonic transition can be written as

d‘k - ~
(P(p2)|ZzO"c| D) (p1)) = Nch(S)gp/W(I)D(S)(—(k+w13p1)2)®P(—(/€+w23p2)2)

xtr[O*S1(k + p1)y°Ss(k)y* Sa(k + p2)]
_ F+<q2>Pu +F <q2)qu (5.20)

dk - -
(V(p2, €,)|20"c| D5y (p1)) = Nch(S)gv/W@D(S)<_(k+w13p1)2)q)v(_<k+w23p2)2)

xtr[TO“Sl(k + p1)Y°S3(k) ,Ss(k + p2)]
— % [~g"PqAy(¢®) + P"P"A, (¢
m1+m2[ g qAo(q®) + +(@%)

+¢"P"A_(¢%) + "’ PagsV (¢?)] (5.21)

with P = p; +p2, ¢ = p1 —p2 and ¢, to be the polarization vector such that €/ -p, = 0

and on-shell conditions of particles require p? = m? = m%( : and p = m3 = m%,,.
S )

Since there are three quarks involved in this transition, we use w; = my, /(mqg, +my;)
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(¢, 5 = 1, 2, 3) such that w;; + wj; = 1. Performing the loop integration in Eqgs
(520) and (B.21]), we obtain the semileptonic form factors within the entire range

of momentum transfer 0 < ¢* < ¢2,,, with ¢;,,, = (mp,, —mpy)*.

The required
multi-dimensional integration appeared in Eqs. (520) and (52I) are computed
numerically using Mathematica as well as FORTRAN codes with NAG library. We
also represent our form factors using double pole parametrization as
£(0) _

F(*) = —~ =
(@) 1 —as+bs? m?

(5.22)

In Tab. B.5, we list the quark channel and the CKM matrix for the semileptonic
decays of D(sy mesons and in Tab. [B.6, we give the numerical results of the form

factors and associated double pole parameters. For the comparison of our form

Table 5.5: Quark channel and associated CKM matrix element for semileptonic

decays (¢ = 39.3 deg)

Channel a1 4492 Vekm Channel a1 qqQ2 Vekm
DY — K- cu  su Vg Dt - KV cd  sd Vg
D% — K*(892)~ cu su Ves Dt — K*(892)° cd sd Ves
Df - K° cs ds Ved Df — K*(892)° «¢5 ds Ved
D% — 7= cu du Vea Dt — 70 cd dd  Vg/\V2
D — p~ cu du Vea Dt — p° cd dd —Vu/\2
Dt = w cd dd V.a/V2 | DY = ¢ c5 85 Ves
Dt — cd dd Vgcosg/v2 | DF = cs5 85 Vsing
Dt =1 cd dd Vgsing/v2 | DF =1 cs s5  Vcoso
Dt — DY cd cu Vid Df — D° s cu Vis

factors with the other studies, we need to transform our form factors to the Bauer-

Stech-Wirbel (BSW) form factors. The relation reads [305]

AIQ - A+, V, - V

M, — M,
A = L2y 5.23
1 M, + M, ° (5.23)
M1 — M2 q2
A = L 2 Ay —A, - —L A
’ 2M; < O M- M3
and
oo ps—C o m g (5.24)
0 M2— M2 T

Once the form factors are known, it is straight forward to calculate the semileptonic

decay rates. The differential decay widths are written in terms of helicity amplitudes
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Table 5.6: Form factors and associated double pole parameters

F F(0) a b F F(0) a b
AD=E” 0.68  0.86 009  AD=KY ~0.90  0.96 0.14
AD—E 208 040  —0.10  VDP=KT 0.90 097 0.13
AP 0.57  0.96 015  AP7? —0.74 111 0.22
AY? 1.47 047  —0.10 VP 0.76  1.13 0.23
AP 0.55 1.01 0.17  APow —0.69 117 0.26
A= 141 053 010  VPow 072 119 0.27
ADs9 067  1.06 017  AP7? —0.95  1.20 026
Ag? 213 059  —012 VP 091  1.20 0.25
AP R 0.57 1.13 021  APTH ~-0.82  1.32 0.34
AP 1.53 0.61 —0.11 VD KT 0.80  1.32 0.33
FPK 0.77 0.73 0.05  FP7K —0.39  0.78 0.07
FP=m 0.63  0.86 009  FbP=r —0.41  0.93 0.13
EPT 036 0.93 012  FP7 —-0.20 102 0.18
FP= 036 1.23 023  FP7 —0.03 229 171
FDP=D° 091  5.88 440  FPoP° —0.026  6.32 8.37
Fpe 049  0.69 0.002  FP7 —-0.26  0.74  0.008
PP 0.59  0.88 0018  FPs= —-0.23 092 0.009
FPoK 0.60 1.05 018  FPoK —-0.38  1.14 0.24
DD 0.92 5.08 225  FDoP” —-0.34  6.79 8.91
as
dU'(Ds) = (P, V) w) GE|Veql*|P2] g (1 B @)2
dq? 9673 M? q?
m?2 3m?2
<[ (1+ 2—q‘;) SOIHS + SEEHP] (5.25)

with |pa| = AY2(M2, M2,¢%)/2M, is the momentum of the daughter meson in the

rest frame of the D, meson and the index n runs through (+, —,0). The helicity

amplitudes are related to the form factors in the following manner:

For D) — P channel:

1

V&

(PqF+ + q2F*>7

(5.26)
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For D¢ — V channel:

1 m1|p2| 2 2 2
H, = m; —m3) (AL — A )+ g A_
t m1+m2m2\/? (( 1 2)( + ) q )
1
Hy = m(—(mf —m3) Ao & 2my|p2|V)
1 1
Hy = (—=(m3 — m3)(m7] —m3 — ¢°) Ay + 4m7|p2|* A1 [5.27)

my + ma 2mo/q? B

For studying the lepton-mass effect, we define the physical observables such as
forward-backward asymmetry A% 5(¢?), the longitudinal Py (¢?) and transverse Pt (q?)
polarization of the charged lepton in the final state. They are also related to the

helicity amplitude via the relations

3 |Hy|>—|H_|> + 46,HyH,
A (1400) X [Hal? + 30, H >
Pf((f) _ _(1 _(5€)Z|]{n|2_35€|I{t|27 (5.29>

(14 00) >0 [Hn[? + 30| He[?

3n VE(H, [ = [H_| — 26 H)
V2 (1 60) 3 [Hal? + 360 Hi[?

where d, = m?/2¢? is the helicity-flip factor. The detailed analytical calculations of

(5.28)

Pr(q*) (5.30)
the helicity amplitudes and differential distributions are given in our recent papers
[2931[2941[3061307]. The averages of these observables in the ¢* range is better suited
for experimental measurements with low statistics. In order to compute the averages
of these observables Eqns. (.28 —~[5.30] one has to multiply and divide the numerator
and denominator with the phase factor |pz|(¢*> — m?)?/¢* and integrate seperately.

These observables are sensitive to contributions of physics beyond the SM and can

be used to test LEU violations [308-313].

5.4 Results and Discussion

Having determined all the model parameters we are now in a position to represent
our results. First we compute the leptonic branching fractions using the Eq. (5.18)
and tabulated in Tab. 54 We compare our results with the latest PDG data [I]
and it is observed that our results satisfies the experimental constraint for electron

channel and for muon and tau channel also our results are in very good agreement

with the PDG data.

Then we compute the form factors for the semileptonic decays of D(,) mesons in the

entire physical range of momentum transfer. We also compare our findings with the
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other theoretical approaches. For comparing our form factors with other studies, we
need to transform to BSW form factors Eq. (524 and 524]). We note that based on
the method we used in the model-parameter fitting, as well as comparisons of our
predictions with experimental data in previous studies, the estimation of the errors

for the form factors in our model are of order 20% for small ¢ and 30% for large ¢

Table 5.7: Comparison of F'(0) for D) — P transitions at maximum recoil.

D—n D> K D —n D — 7/ Ds — 1 Dy — 1’ Dy — K9
Present 0.63 0.77 0.36 0.36 0.49 0.59 0.60
CQM [280] 0.69 0.78 - - 0.50 0.60 0.72
LFQM [286] 0.66 0.79 0.39 0.32 0.48 0.59 0.66
LQCD [22] - - - - 0.564(11) 0.437(18) -
LQCD [22] - - - - 0.542(13) 0.404(25) -
LQCD [17] 0.612(35) 0.765(31) - - - - -
LCSR [274] - - 0.552 £ 0.051 0.458 + 0.105 0.432 £ 0.033 0.520 £ 0.080 -
LCSR [276] - - 0.42010-16° 0.2020-112 0.49519-030 0.55810-047 -

Table 5.8: Ratios of the D) — V transition form factors at maximum recoil.

Channel Ratio Present PDG [] LQCD [21] CQM [280] LFQM [286] HMXT [284]
D—=p ) 0.93 0.83 £ 0.12 = 0.83 0.78 0.51
ryv 1.26 1.48 £0.16 - 1.53 1.47 1.72
Dt 5w ro 0.95 1.06 £ 0.16 - - 0.84 0.51
ryv 1.24 1.24 +0.11 - - 1.47 1.72
D — K* ro 0.92 0.80 + 0.021 - 0.74 0.92 0.5
ryv 1.22 1.49 £ 0.05 - 1.56 1.26 1.60
Dt = ¢ ro 0.99 0.84 £ 0.11 0.74(12) 0.73 0.86 0.52
ryv 1.34 1.80 £ 0.08 1.72(21) 1.72 1.42 1.80
D — Kk*° ro 0.99 0.77 4+ 0.28 + 0.07 [314] - 0.74 0.82 0.55
ry 1.40 1.67 + 0.34 4 0.16 [314] - 1.82 1.55 1.93

In Tab. (.7, we compare our results of the form factor F', at the maximum recoil for
the channel D) — P transition with the other theoretical approaches. It is observed
that our results are in very good agreement with the Quark model predictions such
as CQM [280] and LFQM [286]. For D — m(K') channels, our results are in excellent
agreement with the LQCD calculations [I7,18]. For D — n!") channels, our results
are LCSR [274,276] and LQCD [22] but is is to be noted that the authors of Ref. [22]
have considered the LQCD calculations as a pilot study.

For vector form factors, we compare the ratios at the maximum recoil as

_ A(0)
~ Ai(0)

V(0)
A1(0)

T and ry =

(5.31)

In Tab. [B.8 we compare our ratios with the PDG averages data [I] and other
theoretical approaches. It is observed that our results for the ratios of the form
factors agree well with the PDG data within the uncertanity except for the channel
Ds; — ¢. It is also important to note that our result ry(Ds — ¢) = 1.34 is very
close to the value 1.42 from LFQM [286].
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Figure 5.6: The form factors for semileptonic D™ — K* (left), D — p (middle) and
D — w (right) transitions with comparison to LFQM, HMxT, CQM and CLEO
data.

In Figs. B4 - we plot the form factors in the entire ¢® range of momentum
transfer i.e. 0 < ¢* < ¢h,, = (mp,, —mpyy)®. It is interesting to note that our
results are in excellent agreement with the LEQM [286] for all the channels. It is
also observed that the HMT [284] predictions for the Ag(¢®) is much higher than

the other theoretical calculations.

It is important to note that the form factor computation to the n and 7’ channel
is different since they are the mixture of s-quark and light quarks component. The

quark content in the approximation of m, = mg = m, can be written as [315]

n\ sind  cosd qq uti + dd
I — Y

n ) —cosd sind ss )’ 1 V2

(5.32)

The angle § is defined by § = 0p — 0;, where ; = arctan(1/v/2) is the ideal mixing
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angle. We adopt the value fp = —15.4° from Ref. [315]. Also, in computing the form

factors for the channel D — n"), we take the contribution from the ¢g component

while for the D, — n) channel, we take the contribution from the s5 component

only [285].

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
#(aev?) P(oev?) (o)

Figure 5.7: D — m(K) form factors obtained in our model (solid lines) and in LQCD
calculations (dots with error bar) by ETM collaboration.

Table 5.9: D — 7(K){v form factors and their ratios at ¢* = 0.

| L L L T Vi
Present 0.63 0.78 0.53 0.70 0.84 0.90
ETM [I7.18] 0.612(35) 0.765(31) 0.506(79) 0.687(54) 0.827(114)  0.898(50)

Recently, ETM collaboration has provided the LQCD calculations [17,18] for the
full set of form factors for the channel D — 7(K)fv, and D — w(K)¢¢ including

tensor and scalar form factors. The tensor form factor is defined as

(P(p2)lgo*™ (1 = )elD(p1)) = (P"q” — P"¢" + i) . (5.33)

and the scalar form factor Fy(¢?) can be computed using F, (¢*) and F_(¢*) defined

in Eq. (5:20)

2
q 2

—F . 5.34

In Fig. B we compare our form factors for the channel D — 7(K) with the LQCD

data by ETM Collaboration. It is observed that our plot for Fy(q?) agrees well

Fo(¢?) = Fe(d?) +

with ETM in low ¢? region. However, our plot for F;(¢?) is very close to ETM

and the tensor form factors are in excellent agreement with ETM. In Tab. (5.9 we
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also present our results of the form factors at the maximum recoil

along with the

comparison with ETM. It is worth noting that our results agree well with ETM

calculations within the uncertainties.

Next we compute the semileptonic branching fractions. In Tab. B.I0 - BE.12] we

summarize our outcomes with the other theoretical approaches and the recent data

given by CLEO and BESIII collaborations.

Table 5.10: Semileptonic decays of D° mesons (in %)

Channel Present Other Reference Data Reference
DY 5 K eTuwe 3.63 3.4 HMxT [283] 3.505 & 0.014 + 0.033 BESIII [316]
3.50 & 0.03 + 0.04 CLEO [270]
3.45 £ 0.07 £ 0.20 Belle [268]
DY - K putv, 3.53 3.413 4+ 0.019 + 0.035 BESIII [317]
DY — r=eTu, 0.22 0.27 HMxT [283] 0.295 + 0.004 + 0.003 BESIII [316]
0.2770 + 0.0068 =+ 0.0092 BABAR [266)
0.288 4 0.008 =+ 0.003 CLEO [270]
0.255 4 0.019 + 0.016 Belle [268]
D » n putu, 0.22 0.272 + 0.008 £ 0.006 BESIII [318]
DY — K*(892)"eTve 2.96 2.15 xUA [288] 2.033 £ 0.046 + 0.047 BESIII [319]
2.2 HMxT [284] 2.16 £ 0.15 + 0.08 CLEO [320]
D% — K*(892) “putv, 2.80 1.98 xUA [288]
DY S petr, 0.16 0.197 XUA [288] 0.1445 + 0.0058 £ 0.0039 BESTIT [321]
0.174910-0220 LCOSR 0.177 £ 0.012 % 0.010 CLEO [322] [278]
0.20 HMxT [284]
0.1 ISGW2 [323]
DY = p=putu, 0.15 0.184 xUA [288] - -

In Tab. BI0, we summarize our results for D° — (P, V){*v, channel

are our comments:

. The following

e For D’ — K~ {*u, channel, our results are in very good agreement with the

recent BESIII data also with the CLEO and Belle data.

e For D° — K*(892)~ channel, our results are higher than the CLEO data for

the electrono channel and for still experimental results are still not available.

e For D — 7~ channel, our results are higher than the recent BESIII data but

it is nearer to the data from Belle results.

e For D — p~e'v, channel, our results are matching very well with the central

values of the CLEO data [322].

In Tab. EI1] we summarize our results on D™ — (P, V){*y, channels. Our results

are in good agreement with the experimental data. The following are

our comments:

e For D* — K°/*u, channel, our results are nearly 8 % higher than the BESIII

data.
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Table 5.11: Semileptonic decays of DT mesons

Channel Unit Present Other Reference Data Reference

DT - KPTu, 102 9.28 8.4 HMxT [283] 8.60 £ 0.06 £ 0.15 BESIII [324]
10.32 + 0.93 LFQM [287] 8.83 + 0.10 4 0.20 CLEO [270]

Dt — Ko%utu, 10—2 9.02 10.07 £ 0.91 LFQM [287] 8.72 £ 0.07 £ 0.18 BESIII [325]

Dt 5 7Vetu, 102 0.29 0.33 HMxT [283] 0.350 £ 0.011 £ 0.010 BESIII [318]
0.41 + 0.03 LFQM [287]

Dt = «utu, 10—2 0.28 0.41 +0.03 LFQM [287]

DT = K*(892)%T 1, 10~ 2 7.61 5.56 xUA [288]
5.6 HMxT [284]

Dt — K*(892)%%uT v, 102 7.21 5.12 xUA [288]

DT = pleTu, 10-3 2.09 2.54 xUA [288] 1.860 % 0.070 + 0.061 BESIII [321]
2.21710:53% £ 0.015 LCSR [278] 2.17 £ 0.1270:12 CLEO [322]
2.5 HMXT [284]

Dt = pOutu, 1073 2.01 2.37 xUA [288] 2.4+0.4 PDG [1]

DT = weTve 10-° 1.85 2.46 xUA [288] 1.63 £ 0.11 + 0.08 BESIII [316]
2.5 HMxT [284) 1.82 +0.18 4 0.07 CLEO [322]
2.1+ 0.2 LFQM [287]

Dt = wutu, 1073 1.78 2.29 xUA [288] - -
2.0 £ 0.2 LFQM [287]

DT = netre 10~ 12 9.38 12 + 1 LFQM [287] 10.74 £ 0.81 & 0.51 BESIII [326]
24.5 4+ 5.26 LCSR [274] 11.440.9 £ 0.4 CLEO [327]
14.24 + 10.98 LCSR [276]

Dt = putu, 10~4 9.12 12 4+ 1 LFQM [287] - -

Dt = pletue 1074 2.00 1.8 + 0.2 LFQM [287] 1.91 +£0.51 4 0.13 BESIII [326]
3.86 + 1.77 LCSR [274] 2.16 + 0.53 4 0.07 CLEO [327]
1.52 4 1.17 LCSR [276]

Dt = n'utu, 10-4 1.90 1.7 £ 0.2 LFQM [287] - -

e For DT — K*(892)°/ "1, channel, still the experimental results are not avail-

able. Also our results are nearer to the other theoretical approaches.

DT — 7% Ty, channel, our results are very well within the range predicted by

the BESIII data.

For D" — we'v, channel, our result is a bit higher than the BESIII data [316],
but it is well within the range predicted by CLEO data [322].

For DT — n) channel, the branching fractions are very small and also wide
range of uncertainties have been reported in the experiments. Our results
remain within the range predicted by recent BESIII data [326] and also with
the results on CLEO data [328]. We also compare our results with the results
from LCSR data [274] and [276].

We have compared our results with the other theoretical approaches such as
LCSR [274276,278], xUA [288], LFQM [287], HMxT [283] and ISGW?2 [323].
Our results for D — pe™v, give very good agreement with the LCSR [278] and
XUA [288| results. For muon channel also, our results are very nearer to those
obtained in yUA [288]. For D" — wlTv, channel, our results are matching
with the LFQM [287]. For D* — n’¢*y, channel, our results are deviating
from the results obtained in LCSR [274L276], but are very close to the LFQM
data [287].

In Tab B.12] we summarize the results on Dy — (P,V){y, channels. The short
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Table 5.12: Semileptonic branching fractions of Dy mesons (in %).

Channel Present Other Reference Experimental Data Reference

DI — ¢eTve 3.01 2.12 xUA [288] 2.26 £ 0.45 £ 0.09 BESIII [329]
3.1 4 0.3 LFQM [287] 2.61 £ 0.03 £ 0.08 & 0.15 BABAR [267)
2.4 HMxT [284] 2.14 £ 0.17 £ 0.08 CLEO [328]

DF — outvy, 2.85 1.94 xUA [288] 1.94 4 0.53 £ 0.09 BESIII [329]
2.9 +0.3 LFQM [287]

DF - Ketv. 0.20 0.27 + 0.02 LFQM [287] 0.39 + 0.08 & 0.03 CLEO [328]

DI = K%utu, 0.19 0.26 + 0.02 LFQM [287] -

DI — K*(892)%T v, 0.18 0.202 xUA [288] 0.18 & 0.04 £ 0.01 CLEO [328]
0.19 =+ 0.02 LFQM [287]
0.22 HMxT [284]

DY — K*(892)°utv, 0.17 0.189 xUA [288] - -
0.19 =+ 0.02 LFQM [287]

DT = nefue 2.24 2.26 + 0.21 LFQM [287] 2.30 &+ 0.31 & 0.08 BESIII [330]
2.0 £ 0.32 LCSR [274] 2.28 +0.14 + 0.19 CLEO [328]
2.40 + 0.28 LCSR [276]

DY = qutu, 2.18 2.22 + 0.20 LFQM [287] 2.42 + 0.46 £ 0.11 BESIII [329]

DF = n'eTue 0.83 0.89 + 0.09 LFQM [287] 0.93 4+ 0.30 £ 0.05 BESIII [330]
0.75 & 0.23 LCSR [274] 0.68 4 0.15 -+ 0.06 CLEO [328]
0.79 £ 0.14 LCSR [276]

DY = n'utu, 0.79 0.85 + 0.08 LFQM [287] 1.06 & 0.54 & 0.07 BESIII [329]

comments are:

e For DI — ¢("v, channel, our result is quite high compared to recent BESIII
[329] and the results based on CLEO [328] data but it is observed to be within
the range predicted by BABAR data [267].

For D} — K% Ty, channel, our result for branching fraction is almost double
with compared to CLEO data [328]. For electron and muon channels, ex-
perimental results are yet to be reported. Our result for the channel D} —
K*(892)%" v, is matching perfectly with the central value of the CLEO data
[328]. The discrepancy of our results with the experimental results seems ob-
vious as there are large deviations of the form factors, particularly Ay and A,

in the Figs. and f, in the last plot in Fig. 5.4l

For Df — n"/{*v,, there is wide range of uncertainties reported in the exper-
imental data and LCSR results. Our results are in excellent agreement with
the BESIII [330] and CLEO [328§] results for the electron channel. For muonic
channel, our results give excellent agreement with the BESIII data [326] which

is a first time ever experimental observation.

Here also we compare our findings with the theoretical models such as yUA
[288], LCSR [274,276], HMxT [284] and LFQM [287]. For Df — ¢lty,
channel, though our result is higher than BESIII and BABAR data, it is
in good agreement with the LFQM [287| data. But for the D} — K%*y,
channel, our result is lower than the LFQM predictions. For the rest of the D}
semileptonic decays, our results are in good accordance with the LFQM [287]

and LCSR [274,276] predictions.
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Overall, our results are in very good agreement with the experimental results along

with theoretical models such as LFQM and LCSR predictions. In Tab. B.13] we

Table 5.13: Ratios of the semileptonic decays

Ratio SM Value Data Reference
(D’ — K etv,)/T(DT — KY%%v,) 1.0 099 1.0840.22+0.07 BESIII [331]
1.06 + 0.02 4+ 0.03 CLEO [332]
(D% — K~ puty,)/T(DT — K% ty,) 1.0 0.99
(D" — K%%y,)/T(DT — K%Tr,) 1.0 0.97
r(p° — K—u yﬂ)/F(DO — K etv,) 1.0 097 0.97440.007 +£0.012 BESIII [317]
B(D® — 7~ utv,)/B(D® — n7etr.) 1.0 0.98 0.922 +£0.030 £ 0.022 BESIII [318]
B(D* — mutv,)/B(DT — 7n%*tr.) 1.0 098 0.964 +£0.037 £0.026 BESIII [318]
rp°—r e+ye)/P(D+ = e+ ) 20 197 2.03+0.14 +0.08 CLEO [332]
[(D° — p~etwe)/2T(DY — pPetr,) 1.0 098  1.03+0.0973% CLEO [322
B(Dt = n'etve)/B(DT — netve) - 021 0.1940.05 CLEO [327]
0.18 £ 0.05 BESIII [326]
B(D} — ¢utv,)/B(Df — detv.) 1.0 0.95 0.86+0.29 BESIII [329]
B(D} — n'etve)/B(Df — netue.) - 037 0.36=£0.14 CLEO [333]
0.40 £ 0.14 BESIII [330]
B(D} — n'utv,)/B(Df = nutv,) 0.36  0.44 +0.23 BESIII [329]

present the ratios of different semileptonic decay widths. It is observed that our re-
sults are very well within the isospin conservation rules [334]. It is worth mentioning
here that very recently, the BESIII collaboration has reported their measurement of
B(D° — K~ p*v,) [317] with significantly improved presicion and they also approved
our prediction of the model for the channel B(D° — K~ p*v,)/B(D° — K- etv,)
provided in our paper Ref. [293].

Table 5.14: Semileptonic branching fractions for D(J;) — D%y,

Channel
Dt Due*’ue

Reference
BESIII [290]

Reference
2o1)
292)
[291] -
[292]

Present
2.23 x 10713

Theory Data
2.78 x 10~13
2.71 x 10713
(2.97 £0.03) x 108
3.34 x 108

Experimental Data
<1.0x 104

DY — D%t 2.52 x 1078

In Tab. B.14l we present our results on the rare semileptonic branching fractions of
D(Jr — D%*y,. Our results for branching fraction for the channel Dt — D%,
satisfies the experimental constraints predicted by the recent BESIIT [290] collabora-
tion. Our results also satisfies the theoretical predictions using SU(3) symmetry [291]

and also heavy flavour conserving decays [292].

Finally, in Table (.15 we list our predictions for the forward-backward asymmetry
(A%5), the longitudinal polarization (Pf), and the transverse polarization (Pf) of

the charged lepton in the final state. It is seen that for the P — V transitions, the
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Table 5.15: Forward-backward asymmetry and longitudinal polarization.

Channel (A 5) (ALp) (Py) (Pr)
DY — K~ (ty, —6.14 x 1076 —0.06 —1.00 —0.87
DY — K*(892) ¢ty 0.18 0.14 —1.00 —0.92
D — m =ty —3.84 x 1076 —0.04 —1.00 —0.90
DY — p=lty, 0.21 0.18 —1.00 —0.92
DY — K%*y, —6.11 x 1076 —0.06 —1.00 —0.87
Dt — K*(892) (*y, 0.18 0.14 —1.00 —0.92
Dt — 7%ty, —3.80 x 1076 —0.04 —1.00 —-0.91
Dt — pty, 0.22 0.19 —1.00 —0.93
Dt — wlty, 0.21 0.18 —1.00 —0.93
DY — nlty, —6.18 x 107¢ —0.06 —1.00 —0.87
Dt — n'lty, —13.23 x107° —0.10 —1.00 —0.82
Dt — D%y, —0.094 - —0.73 —

Df — ¢lty, 0.18 0.14 —1.00 —0.92
D} — K%ty 0.22 0.19 —1.00 —0.93
D} — K%*y, —4.75 x1076 —0.05 —1.00 —0.89
DY — ntty, —5.75 x1076 —0.06 —1.00 —0.87
D} — n'tty, 11.20 x1076 —0.09 —1.00 —0.83
D} — D%y, —5.33 x1074 - —1.00 -

lepton-mass effect in (A%g) is small, resulting in a difference of only 10% — 15%
between the corresponding electron and muon modes. For the P — P’ transi-
tions, (A%) are about 10% times larger than (A%g). This is readily seen from
Eq. (52]): for P — P’ transitions the two helicity amplitudes H. vanish and the
forward-backward asymmetry is proportional to the lepton mass squared. Regarding
the longitudinal polarization, the difference between (Py) and (Pf) 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%p) and (P} ) for the rare decays
D(*;) — DY%*y, are quite different in comparison with other P — P’ transitions due

to their extremely small kinematical regions.

We expect BESIII and other experiments such as LHC-b, Belle, CLEO and PANDA

collaborations to throw more light in search of these transitions.
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