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ABSTRACT: We study the sensitivity of the dI'/dq® spectra and the branching fractions of the D
meson exclusive semileptonic decays to form factor models. We also analyze the ratio of the branching
fractions B(D® — K~ (or 7~ ) ) and B(D® — K~ (or 7~) e*v) using the factorization assumption
and find that it is implied that F;(g?) is of dipole type instead of simple pole type which is usually
assumed in experimental analyses. If we emply dipole type Fj(g?), the experimentally extracted
value of FiP%X(0) becomes 0.64, whereas 0.75 was obtained by assuming monopole type Fj(g?). We

study B® — D™ ¥~ using experimentally measured form factors, and find the dT'/dg? spectra and

branching fractions for | = e, p and 7.

1. Introduction

The mechanism of CP-violation through the com-
plex phase of the CKM three family mixing ma-
trix [il] is presently considered standard for the
CP-violation. In order to measure the CKM ma-
trix elements accurately, it is important to know
the hadronic form factors of the transition matrix
elements reliably. For the heavy to heavy tran-
sitions the heavy quark effective theory provides
good information for the form factors. However,
for the heavy to light transitions the understand-
ing of the form factors is still limited; this fact
hinders the extractions of the CKM matrix ele-
ments from experimental results significantly. At
the same time, we will be able to have important
clues for the internal structures of hadrons by
knowing these form factors well. Semileptonic
decay processes are good sources for the knowl-
edge of the form factors both experimentally and
theoretically. The lepton mass effects in heavy
meson exclusive semileptonic decays were stud-
ied by Kérner and Schuler [d].

We derive the formulas for dI"/dq? with non-
zero lepton mass in forms which are efficient to
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This for-
mula for the pseudoscalar to pseudoscalar tran-
sition was also given by Khodjamirian et al. B]
By using these formulas we study the dI'/dq?
spectra and branching fractions of the exclusive
semileptonic D meson decays: D° — K(*)~ety,
D° — K®-pty, D° — 7= (or p~) etv and
D® — 7= (or p7) ptv. In this anslysis we employ
three models of form factors and show how the

study the form factor dependences.

results are influenced by the difference of form
factors. For the decays to a pseudoscalar meson
and a lepton pair, the results are sensitive to the
property of the form factor Fy(q?). For the de-
cays to a vector meson and a lepton pair, the re-
sults are sensitive to the form factor A;(q?), and
not to the other ones (Ag(q?), A2(g?) and V(¢?)).
We also analyze the experimental results of the
branching fractions B(D° — K~ (or ) ") and
B(D° — K~ (or 77) eTv), and show that it is
implied that the form factor Fj(q?) of the D to
K and the D to 7 transitions are of dipole type,
instead of simple pole type which is commonly
assumed in the studies of the D meson decays.

2. Semileptonic Decays

From Lorentz invariance one finds the decompo-
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sition of the hadronic matrix element for pseu-
doscalar to pseudoscalar meson transition in terms
of hadronic form factors:

< P(p)|Ju|P(P) > (2.1)

0.) Fi(@?)

2 _ ;2

— (P - T

M2 7777,2
+T du FO(q2)a

where J, = ¢’v,(1 — v5)g. We use the following
notations: M represents initial meson mass, m
final meson mass, m; lepton mass, P initial me-
son momentum, p final meson momentum, and
¢y = (P —p)u. The form factors Fi(¢?) and
Fy(q?) correspond to 1~ and 01 exchanges, re-
spectively. At ¢> = 0 we have the constraint
F1(0) = Fy(0), since the hadronic matrix element
in (2.1) is nonsingular at this kinematic point.

The ¢? distribution of the semileptonic decay
D° — K~I%v is given in terms of the hadronic
form factors Fy(q?) and Fy(q?) as:

ar(p® —» K-1*v) G2

_ 2
dq? 2473 [Ves|” % (2:2)
m?2 1 m?
K(¢*)(1- q; (K (¢*)* (1+ 5(1—21) [Fi(¢*)
2 2
2 m* ., 3 my 212
+M (1fw) gq—2|Fo(q =1,

where K(g?), momentum of the final meson in
the D meson rest frame, is given by

-

1 =

K(@®) = 537 (2 +m? = ¢?)2 —an?m?) ",
(2.3)
and the physically allowed range of ¢? is given by
mi < q¢*> < (M —m)?. (2.4)

From Lorentz invariance one finds the de-
composition of the hadronic matrix element for
pseudoscalar to vector meson transition in terms
of hadronic form factors:

< V(p)|Ju|P(P) > (2.5)
. P,P,
= &) (M + m)g Ar(0?) = 25 A (%)
q,uPI/ 2 . Ppp 2
+M+mAs(q )+Z€uup07M+mV(q )),
where £g123 = 1 and
2mAo(¢*) = (M +m)A1(¢?) (2.6)
M2 —m? 4+ ¢ e
———— () + As(q?)

M+m M+m

The form factors V (¢?), A1(q?), A2(¢?) and Ao(q?)
correspond to 17, 11, 17 and 0~ exchanges, re-
spectively. At ¢> = 0 we have the constraint
2mAp(0) = (M +m)A;1(0)— (M —m)A2(0), since
the hadronic matrix element in (2.5) is nonsingu-
lar at this kinematic point.

After some calculations [:_4], the ¢? distribu-
tion of the semileptonic decay D° — K*~itv
is given in terms of the hadronic form factors

A1(g?), A2(q?), A3(q?) and V (¢?) as:

dT(D° — K*~I*v)
dq?

2.7)
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(M? —m® + ¢*) (MK )*m}

FRe(As(4?) 45 () —3 (ME)?m?}.
When we take m; — 0 in (2.7), it agrees with the
formula for m; = 0 given in Refs. [%’i, 'ﬁ]

In the case of the B to D meson (heavy to
heavy) transition, the heavy quark effective the-
ory (HQET) gives the useful relations between
the relevant form factors [i]:

Fi(¢*) = V(¢®) = Ao(¢®) = Ax(¢®) (28)
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Table 1: The values of the power of pole for the
three models used in this paper.

NEpy | MRy | MV | Ay | A, | N4,
WSB 1 1 1 1 1 1
Model I 1 0 1 0 1 1
Model II 2 1 2 1 2 2

Table 2: The values of pole masses (GeV) used in
numerical calculations.

Current | m(07) | m(17) | m(0") | m(1T)
Ap Vv Fy A Ao
sc 1.97 2.11 2.60 2.53
de 1.87 | 2.01 | 247 | 242

Table 3: The values of the form factors at ¢ = 0
used in numerical calculations.

Fi(0) [ V(0) | 41(0) | A2(0) | 4o(0)
sc | 0.762 | 1.226 | 0.880 | 1.147 | 0.733
de | 0.692 | 1.225 | 0.775 | 0.923 | 0.669
M+m
pr— f 5
2v Mm ( )
2vVMm y+1
Fo(q*) = Ai(¢?) = =
0(¢*) = Aule’) = S T Fw),

where y = (M? + m? — ¢?)/(2Mm) = Epe /m
(Epeo is the energy of D) meson in the B me-
son rest frame), and F(y) is a form factor which
becomes the Isgur-Wise function in the infinite
heavy quark mass limit. When we use the rela-
tions (2.8), for m; = 0 the formula (2.7) becomes
the well-known formula for the B to D* transi-
tion:

dT(B° — D*+1~ )
dg?
VC(,|2 m> (M — m)2 Vyz—1(y+ 1)?

4y 1—2y7"+7‘2
y+1 (1-1)? } (Fp-(9))?,

(2.9)

4873

x{1+

where r =m/M.

3. DO — K-ty

For the form factors concerned with the exclusive
semileptonic decays of D meson, we can not use
the relations (2:8) of the HQET. Therefore, in
the study of D meson decays we use models for
form factors. The pole-dominance idea suggests
the following ¢? dependence of the form factors

-
1

(1=

mfi

fi(g®) = fi(0) (3.1)
where ny, and my, are corresponding power and
pole mass of the form factors f;(q?), respectively.
The WSB model [§] adopts n;, = 1. However,
the exact values of ny, are not known. The rela-
tions (2.8) of the HQET gives the following ap-
proximate relation among the powers of the form
factors for the heavy to heavy transitions:

nEp =Ny =N4, =Na, =np, + 1 =n4, +1.

(3.2)
Non-perturbative analysis of QCD [i_).'] suggests
the same relation as (B.2) for the form factors
of the heavy to light transitions. The lattice
calculations also show that the form factors F7,
V and Ag are more rapidly increasing functions
of ¢? than the form factors Fy and A; E()', -'_1-9:],
which favors the relation (8.2). Therefore, we
will study two other models incorporating the re-
lation (:._’;._-2), as well as the WBS model, for the
study of the exclusive semileptonic decays of D
meson. Table 1 shows the values of the powers
ny, of the three models which we use in this work.
For the values of the pole masses and those of the
form factors at ¢ = 0, we use the values shown
in Table 2 and 3, which were given by Wirbel,
Stech and Bauer r._g] Their precise values are not
known and they should be different for each of
the three models. However, their exact values
are not crucial in our present work since the pur-
pose of this paper is to clarify how the dI'/dq?
spectra and the branching fractions depend on
the form factors employed, and to show how ex-
perimental extractions of the physical quantities
from given data are influenced.

For D° — K~1%v, we use the formula (2.2)
in our calculation. The dI'(D° — K~Itv)/dq?
spectrum and branching fractions are presented
in Figure 1 and Table 4, for each of the three
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models: WSB, Model I and Model II explained
in Table 1. We find that the shape of spectrum
of Model II is different from those of WSB and
Model I in Figure 1. That is, the value of ng
determines the shape of spectrum. The experi-
mental result of the E687 Collaboration [11] for
this spectrum shows that the experimental sit-
uation is marginal at present; it will be enough
to clarify which curve in Figure 1 agrees with
the experiment if the experimental error bars are
reduced by factor of 3 or 4. The result of FO-
CUS/E831 is expected to come out within maybe
a year from about 30 times the statistics of E687
[i2]. Then we will be able to tell which model
of the form factors agrees with the experiment in
the near future.

In the experimental extraction of the value
of FPX(0), the simple pole of the form factors
has been usually assumed [L3, 14]. Under this
assumption FPE(0) = 0.75 £ 0.02 + 0.02 was
extracted [:_1-2;} from the experimentally measured
branching fraction B(D° — K~etv) = (3.68 £
0.21) x 1072, (In Ref. [14], FP%(0) = 0.76+£0.03
was presented.) However, if we assume Model II
which has the dipole form factor for Fj(q?), we
would get

/3.49 x 10—2
DK _
F0) = 0.75x 4.78 x 102

= 0.75 x 0.85 = 0.64 (3.3)

for the mean value, with FPX(0) = 0.64 & 0.03.
In (3.3) the ratio inside the square root comes
from the results in Table 4 of the branching frac-
tion B(D® — K~ e'v) for WSB (np, = 1) and
Model II (ng, = 2), which were obtained by using
the same value of F{P%(0). This ratio is equiva-

lent to that of two integrals given in (5.10).

For D° — K*~I*v, we use the formula (2.7)
with non-zero lepton mass. The obtained spectra
and branching fractions are presented in Table 5.
We find that the results of WSB and Model II are
almost the same, and they are significantly differ-
ent from the results of Model I. This fact implies
that the value of n4, is the significant quantity
that determines the spectra and branching frac-
tions of D% — K*~[*tv.

~_0.045

1/ dT/dq

0.04: s
o,oasf
o.osf
o.ozsf
o,ozf
0.01 5
0.01

0.005}

o S S O I ER A N A
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fig. 1(a) q” (Gev?)

Figure 1: i(1/Ty0t)(dl'/dg*) of D° — K~ etv for
three models: solid line for WSB, dashed for Model
I (solid and dashed lines overlap in this figure), and
dotted for Model II.

Table 4: The obtained branching fractions and their
ratios for D° — K~ Itw.

B(D° - K~etv) | B(D® - K~ utv)
WSB 3.49 x 1072 3.41 x 1072
I 3.49 x 1072 3.38 x 1072
I 4.78 x 1072 4.67 x 1072

Table 5: The obtained branching fractions and their
ratios for D® — K*~[tw.

B(D° — K*~etv) | B(D° — K*~pu*v)
WSB 3.88 x 1072 3.68 x 1072
I 3.28 x 1072 3.10 x 1072
I 3.85 x 1072 3.66 x 1072

4. D° — 7= (or p7) ItV

For D° — 7~ 1*w, we use the formula (2.2) with
The obtained
spectra and branching fractions are presented in
Figure 2 and Table 6. We find that the branch-
ing fractions of Model II are about twice those

the replacement of V.5 by V4.
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of WSB and Model I. Therefore, if we determine
the value of F°™(0) from an experimentally mea-
sured branching fraction of D° — 7~ [Tv, the
value of FP™(0) determined with Model II will
be about 1/ \/2 times its value determined with
WSB or Model I. From Table 4 and 6, we also find
that the ratio B(D° — 7~ 1*v)/B(D° — K~ 1tv)
from Model II is significantly bigger than that
from WSB or Model I, but its present experi-
mental result 0.101 + 0.020 + 0.003 [{5] can not
discriminate them yet.

For D° — p~I*v, we use the formula (2.7)
with the replacement of Vs by V.4. The obtained
spectra and branching fractions are presented in
Table 7. We find that the results of WSB and
Model IT are almost the same, and they are much
different from the results of Model I. Therefore,
like the D® — K*~Itv case, the property of the
form factor A;(q?) determines the spectra and
branching fractions, and the results are not sen-
sitive to the other form factors (Ag(q?), A2(q?)
and V(¢?)).

x1072
0.25

D—>mnev

1/l dr/dg?

0,225; e
o.2f
0,175f
o.15f
o.125f
o.1f
o.o75f
o.osf

0.025}

ol b e e N

1.5 2 2.5 3
Fig. 3(a) o* (GeV?)

Figure 2: (1/Ty0t)(dl'/dq®) of D° — 7w eTv for
three models: solid line for WSB, dashed for Model
I (solid and dashed lines overlap in this figure), and
dotted for Model II.

Table 6: The obtained branching fractions and their

ratios for D° — 7 [Tw.

B(D° — metv) | B(D° — mutv)
WSB 2.92 x 1073 2.88 x 1073
I 2.92 x 1073 2.86 x 1073
II 5.94 x 1073 5.86 x 1073

Table 7: The obtained branching fractions and their

ratios for D — p~ITw.

B(D° — petv) | B(D® — putv)
WSB | 2.77x 1073 2.66 x 10~3
I 2.19 x 1073 2.10 x 1073
I 2.77 x 1073 2.66 x 1073

5. Implications of Experimental
Results

In this section we compare the exclusive semilep-
tonic decays and the two-body hadronic decays
using the factorization assumption. We start by
recalling the relevant effective weak Hamiltonian
for the two-body hadronic decay D® — K~ nt:

Hefr VeVualC1(p)O1 + C2 (1) O2] + H.C.

=7 )
(5.1)
01 = (al'*d)(sTpc), O2 = (3T*d)(al ,c),
(5.2)
where Gp is the Fermi coupling constant, Vs
and V,4 are corresponding Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements and ', = 7, (1—
v5). The Wilson coefficients C; (1) and Ca() in-
corporate the short-distance effects arising from
the renormalization of Heg from p = mpy to
= O(m.). In the factorization assumption,

Hog = %VC’; Vi <a1 [@r°d) (5T el
+a2[grpd]H[anc]H) + H.C.,(5.3)

where the subscript H stands for hadronic im-
plying that the Dirac bilinears inside the brackets
be treated as interpolating fields for the mesons.
The phenomenological parameters a; and as are
related to C; and Cs by a1 = C; + NLCCQ and
as = Cy + NLCCl [13} The numerical values of a;
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and ag for D meson decays are given by [:_I-Q‘]

a1 =1.10£0.05, ay=—049+0.04. (5.4)

By using (2.1), (3.3) and < 0Tu|7™ (q) >=
iqu fx—, we get the following formula for the branch-
ing ratio of the process D° — K7

_ Gpm2
B(D® — K%)= (—Z=£)? |Vial 5.5
( ) = ( 7 )" Vual (5.5)
L mp a2 DK M\ 2
|V Fy* (m)l* (1 - —5
87r Tp 2 “ ( mQD)
1 mK—i—m772 MK — Mz 9\,
On the other hand, from (:2"2 and (3.1) the
branching ratio B(BY — K ~e™v) is given by
B(D° — K~ etv) (5.6)
_ Grmi, oy mp 2 EDK ()2 « [PK
— (FERP 2 S IV PO % 17,

where the dimensionless integral 1% is given by

3
_miye mic 2 m_i)5
i /u nic) dm((um% 0 —4zk)"
0

(5.7)
In the above, we neglected the electron mass.
From (5.5) and (5.7%) we have

B(D° — K—nt 2 m3\2
) ot 2 (1- 1)
(DY - K—etv) mp mp
MK + My 2)( mg — Mg 2)1
] (BE T M2y (K
<[(1 - (TR (1= ()
Ves F X (mD)? _a
|Vcs FDK(0)|2 IDK
a?
= 0.225 X iz, (5.8)
where we used the fact FPX (m2) ~ FPX(0) and

the following experimental values [:_12'] mp
mpo = 1.8646 £ 0.0005 GeV, mg = mg-
493.677+ 0.013 MeV, m, = m,+ = 139.56995 +
0.00035 MeV, fr = fr+ = 131.74 £ 0.15 MeV
and V,q = 0.9753 £ 0.0008.

When we use the experimental results B(D? —
K—7nt)=3.85+0.09 % and B(D° - K~etv) =
3.66 = 0.18 %, (5.8) gives

IPK[Expt.] = 0.213 (1 +0.054) a?
0.258 (1 =+ 0.054) (1 +0.091)
= 0.258 (1£0.106) = 0.231 ~ 0.286,

(5.9)

where we used the value of a; given in (5.4). On
the other hand, when we calculate IP% directly
from (5.7) with mp, = 2.11 GeV geven in Table
2, we obtain the following results:

IPK[np =1] = 0.195 for np, =1,
IPK[np =2] = 0.267 for np, = 2.(5.10)

From (5.9) and (5.1(}), we find that the experi-
mental results of B(D° — K~n") and B(D° —
K~etv) together with the factorization assump-
tion imply np, = 2.

In the same way as the above, for the D to
7 transition we get the formula

B(D° ot 252
( _>7T77T) _67T2|Vu |2 71' ( _m_;">
B(D° — m—etv) m, mp
X[<17(m7"+m7")2)]% |VUdFODK(m3r)|2 CL_%
mp Vaa FPH(0)) 17
at
where we used the fact FP™(m2) ~ FP™(0), and

the dimensionless integral I°™ is given by

3

3

3
2 2\ 5
(1= ((1 +oE — )’ - 4’”—;)
Dn _ b D m
I _/0 dx (1 _ ﬁ )2nF1
my v
(5.12)
When we use the experimental results B(D? —
m-rt) = (1.53£0.09)x 10~ % and B(D® — 7~ etv) =
(3.7+£0.6) x 1073, (5.11) gives
IPT[Expt.] = 0.665 (1+0.173) a]
0.804 (1 £0.173) (1 £0.091)
= 0.804 (1 +0.195) = 0.648 ~ 0.961 (5.13)

where we used again the value of a; given in (5.4).
When we calculate I°7 directly from (5.7) with
mp, = 2.01 GeV given in Table 2, we obtain the
following results:

IP™[ngp, =1] = 0.385 for np, =1,
IP™ g, =2] = 0.783 for np, = 2. (5.14)

The results in (5.14) show that the value of I°7
is more sensitive to ng, than that of I DK From
(5.13) and (5.14), we find that the experimental
results of B(D® — 7~ 7") and B(D° — n~etv)
imply np, = 2.
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Table 8: The obtained branching fractions and their

1/l dF/dq?

ratio for B® — D™+~ p.
1| B(B®— D*iv) | B(B®— D*ti 1)
Ratio Ratio
e | (1.855036) x 1072 | (4.76,035) x 1072
1 1

| (1.8470:30) x 1072 | (4.7470:50) x 1072
0.99679:91 0.996700%

7| (0.52:007) x 1072 | (1.2230:00) x 1072
0.27810-052 0.25673:914

6. B® — DX+

We use the form factors in (2.8) with the follow-
ing Fp(y) which are experimentally determined

[8):

Fly)=FO1 -y -1, (6.1)
pH =059+0.25, |Vy|Fp(l) x 102 =3.37
for Fp(y)
p%. = 0.84+0.15, |Vip|Fp-(1) x 102 = 3.51
for Fp-(y) .

By using the form factors in (2.8) with Fp(y)
in (B.1), we obtain from (2.2) the spectra of B° —
D+~ presented in Figure 3, where we find that
the spectrum for muon drops down near ¢*> =
0. (The spectrum for electron also drops down
near the very end of ¢> = 0.) We present the
obtained branching fractions and their ratio in
Table 8, which gives B(B° — D*r~v)/B(B° —
DFe ) = 0.27815:922 in good agreement with
the ALEPH estimation 0.29 & 0.08 [19]. Since
the HQET provides good informations about the
heavy to heavy form factors, our results for the
exclusive B to D semileptonic decays are very
reliable.

By using the form factors in (2.8) with Fp- (y)
in (B.1), we obtain from (2.7) the spectra of B® —
D**1~ v presented in Figure 4. We present the
obtained branching fractions and their ratio in
Table 8, where we find that B(B° — D*Tr~ ) /
B(B® — D*te~p) = 0.256 10013 which is smaller
than the ALEPH estimation 0.37 % 0.08 [19].

1/l dF/dq?

B—=>DIlv

ol v v v e e
0 2 4 6 8 10 12

q” (GeV?)

Figure 3: (1/T0)(dl'/dq®) of B® — D¥I" o for
l=e, uandT.

0.008

0.007/- B—>DIv
0.008-
0.005
0.004f
0.003

0.002

0.001f

ol v T e e
0 2 4 8 8 10 12

q* (GeV?)

Figure 4: (1/T0:)(dT'/dg?) of B® — D**i" 5 for
l=e, pandrT.

7. Conclusion

We studied the D meson exclusive semileptonic
decays and investigated their sensitivity to form
factor models. The results show that the de-
cays to a pseudoscalar meson and a lepton pair
are sensitive to the property of the form factor
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Fi(g?), and those to a vector meson and a lep-
ton pair are sensitive to the form factor A;(q?).
Experimentally FP%(0) = 0.75+0.02 4+ 0.02 has

been extracted from the branching fraction B(D° —

K~etv) = (3.68 & 0.21) x 1072 by assuming
that FPX(¢?) is of simple pole type ( ng, = 1)
[:_1-?5] However, at present the ¢? dependence of
Fi(g?) is not settled experimentally or theoret-
ically. We analyzed the ratios of the branching
fractions B(D® — K~ (or 7~) ") and B(D° —
K~ (or m7) etv) using the factorization assump-
tion, and found that it is implied that the form
factor Fy(g?) of the D to K and that of the D to
7 transitions are of dipole type (ng, = 2).

If we extract FPX(0) from B(D® — K~ etv) =
(3.68 & 0.21) x 1072 by assuming ng, = 2 in-
stead of np, = 1, we get FPK(0) = 0.64 + 0.03
which is substantially different from the above
value 0.75. The experimental extraction of the
reliable value of Fi?%(0) is important for the de-
terminations of the fundamental parameters, and
also since the experimentally extracted value of
FPE(0) is compared with its values obtained by
different theoretical calculations such as quark
models, lattice QCD, and QCD sum rules [:_l-ij‘,
4. The extraction of the value of |V, F£™(0)]
from the measured semileptonic branching frac-
tion B(B® — m~1Tv) is also dependent on the
model for F™(¢?) emplyed, and this dependence
is even bigger than the case of the above F\P%(0)
extraction.
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