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Decays of B and D mesons
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The semileptonic decays of the type B~~1v are discussed. The form factor describing this decay is

calculated and is compared with the experimental data on D~Elv decay. The D(J+)~D*(D)~ de-

cays are also discussed. The parameters in the form factor for the semileptonic decays are correlated
with D ~DE and DO~De decays. We also derive the relation fs Ifs =ms Ims.
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I. INTRODUCTION

In the heavy quark limit, one has the heavy quark
effective field theory (HQEFT) [1] which simplifies the
dynamics involving hadrons with one heavy quark.
In particular, the heavy quark spin is decoupled.
As a consequence of this, we have spin multiplets
such as [D(0 ) D'(1 )], [D2 (2+) D (1+)], and

[Di (1+},Do(0+)). The degeneracy between two P-wave
multiplets is broken by the spin-orbit coupling term in-
volving the spin and orbital angular momentum of the
light quark [2]. The degeneracy between two members of
each multiplet is broken by terms such as the Fermi term
S S&, the spin-orbit term (S +S&) L, and the tensor
term [2-4]. These terms vanish in the heavy quark limit,
i.e., as M~ 00. The structure of the angular momentum
part of the wave function of the heavy meson [2] has
some interesting consequences regarding radiative [2,5]
and hadronic decays of P-wave D mesons [3,6].

The matrix elements of current iQy„(1+y&)Q
(Q=b, c) are of interest in transition B~D. These ma-
trix elements have been extensively studied in HQEFT;
we will not be concerned with them. The mixed currents

iqy„(1+y&}Q are of interest in transitions such as

B,D~a, K, etc. , in the semileptonic decays of 8 and D
mesons. The form factors involving these decays have
also been studied in the last couple of years [7—11]. The
hadronic decays of heavy mesons involve currents with
light quarks only. In this paper we are interested in the
last two areas mentioned above.

II. SEMILEPTONIC DECAYS
OF HEAVY MESONS

We are interested in semileptonic decays of the type
8 ~m+1 v. For this purpose we define the matrix ele-
ments

'lI 4popo (n+(p')~iuy„b~B (p)) =[F+(t)(p+p')„+F (t)(p —p')„],

+4PoPo (~+~iuy„ysb~B ' ) =i[Go(t)B„+G+(t)eP'(P +P')„+6 (t)B P'(P —P')„], (2)

where t = —q2= —(p —p')2.
In order to calculate the form factors, we use the fol-

lowing ingredients: (i) the low-energy theorems of current
algebra; (ii) the dispersion relation for the form factors;
the subtraction constant in the dispersion relation is fixed
by the equal time commutator of the current algebra, i.e.,
by (i); and (iii) the dispersion relation is saturated with
low-lying states. The possible low-lying states are 8 (0 ),
8'(1 ), Bo(0+), Bi (1+), Bi(1+), and 82 (2+). Since
(O~iuy„(1+y5)b ~Bz ) =0, 82 cannot contribute to the
dispersion integral. By heavy quark spin symmetry, it
follows that fB =0=f, . Hence only 8' and Bo con-

2

tribute to the dispersion integrals for the form factors
F+(t) and F (t). Only 8; contributes to the form fac-
tors Go, G+, and B

&
and B contribute to G

F+(t)+F (t)

fB +(t —mB)

f egB+ B~ BfBogBOB~
mB(m, —t} 2mB(mB t)—

0

(3)

A similar procedure was followed in Ref. [11]. We ex-
tend this work so as to take into account possible contri-
butions of all low-lying states. Our approach is close to
that of Ref. [10]; it complements it. Using the technique
of Ref. [11],we obtain
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2',gs, s fsogsos (mso ™s)

F+(t) F—(t)=
m —t 2ms(ms t)

0

+4pop o

. ( —p' q)
mBg

(~ *'(p )l~„l~;
—

(p)

Go(t)=—
fs, fs,*Fs,—(t m—*)* m, (m, t)—

l

X F g'g E+ 'g'p gp
m +

—m
1

(B (p')lJ lB*(p))= gs s (2p' —p) e, (6)
&4popo

(~o(p )l~;l~;(p})=
+4pop o

gBOBm. &

mB

We will use Eq. (5) later. In deriving Eqs. (3), (4), and (5),
we have used the following definitions (for the particles
on their mass shell, —2p' q =ms —ms —m ): where q and e are the polarization vectors of 8; and 8 ',

respectively. We use the normalization in which f =130
MeV.

Using fs+=(mttms, )' fs [1 12], gs~s
=As(msm „)' /f [10,11,12], fs =ms /msfs, and

parametrizing gs s =A,s (2 ms/f ) (see the next sec-

tion}, we obtain

f m
F+(t)=— 1 —As2f. s

ms

0—
A, 'o m B

m B m —m
+2Asmsms 1+

2mB m +
—t2

1 fs 1—1+
2 f A,s

Bo 58 0 0 8+ +2
mB AB mB m

(9)

ms'F+(t)+tF (t)
F(t)=

mB

1 fs t+m s t —ms+
2 f ms ms

m Bo Bo mB 2 2+ (m, —ms)
ms As ms m

mB AB mB
2

0 0 0

mB ~B mB —t
(10)

where 5s =m, —ms, 5& =ms —ms.
The advantage of the dispersion approach is that I /ms corrections are automatically incorporated. Moreover, every

parameter is related to a physical quantity which is experimentally measurable. Our approach does not use the ela-
borate machinary of effective Lagrangian.

Neglecting the terms of order 5s /ms or 5s /ms, we can write
0

1 faF+(t)=— As —1+ 1
ilL m 2

+2
m

f& t+m& t m&
F(t) =— As +

2 f„ms ms

As—1—
~B

~BO
2

mB

mB —t
(12)

For the transition D~m, replace 8 by D For the D~. E transition, we get, using f,=(m~, mz&)' f~,
S S

g =A~ (m~m )' f», fn =(mn /mr )fo,

1 ft)F+(t}=— A~
2 K

kD

ArD

D ~D ~D
s so so

mD AD mD

2m 2

S+
2m +

—t
S

(13a)

1 ft
D,

2m 2

Sso +
m +

—t
S

(13b)
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While for the B~n. transition, I/mz corrections are
negligible, this may not be true for the D ~a or D ~K
transition, especially for the latter. Therefore we use for
the D~K transition Eq. (13a), for the B~~ transition
Eq. (11), and for the Distr.ansition Eq. (9). We take
m~ =2. 19 GeV [2] and M~ —mD = 100 GeV.

0 sO 0
The decay distribution for D —+Kl v is given by 0.4-

where

0
0 O.S 1.6

t (Gey2)
2.4 3.2

ptt =[(ma mx—+t) 4m—nt]' /2mD . (14)

In Ref. 13 it was reported that a good fit to the experi-
mental data for the D ~K transition is obtained by using
the form factor

F+(0)
F+(t)=

1 —E
e2 (15)

with M'=1.96+0.11+0.16 GeV and F+(0)=0.76
+0.02.

In order to make contact with the experimental data,
we note that the present experimental data on D'~De.
decay give A,n &1. In principle, iLD can be determined

0
from the decay DO~De. . We do not have this informa-
tion. Thus we take A,n /A, D as a free parameter. As our

0

analysis in Sec. III shows, A,D /A, n & l. Accordingly, in
0

our numerical calculation of F+ (t) we have taken this ra-
tio to be 0.875. This ratio seems to give a goad fit to the
experimental data for D ~Kl v decay. However,
A,D /A, z =1 is not excluded by the data. In any case, we

assume )(,a =A,~ =)(,n =A, , A,~ =A,D =A,o. As an illustra-
s 0 0

tion, we have obtained the form factor F+ (t) from Eqs.
(13a), (9), and (11) for D —+K(n ) and B~m transitions,
with the following two sets of parameters: (a} A, =l,
Az/A, =0.875 and (b) 1,=1/V2, Ao/A, =0.875. We take

fz If„=1.25.
The form factor F+(t) as calculated above is used to

obtain the decay distribution 4(t) ~dI /dt. The results
for D~K transition are shown in Fig. 1. For compar-
ison, the distribution 4(t) obtained with the form factor
given in Eq. (15) with M'=1.96 GeV and F+(0)=0.75

FIG. 2. Distributions 4(t) for the decay B~~lv for sets (a)
and (b).

is alsa shown in Fig. 1. It is clear from Fig. 1 that the
distribution obtained using our form factor with the pa-
rameter set (b) is in agreement with that obtained with
the form factor given in Eq. (15)

The decay distribution 4(t) for the D~n transition is
shown in Fig. 2. In Fig. 3 the distribution
[(t —m, ) /t ]4(t) for the transition B

~mdiv,

is plotted.
Also in this figure, the decay distribution
[(t —m, ) /t ]4,(t), where

3 p.m', (m,' —m'. )'
@,(t)=—,[F(t)]

8
(16)

is shown. Note that F(t) is the scalar form factor given
in Eq. (12). For comparison with the form factors previ-
ously investigated, see Ref. [14].

The following remarks are in order. With
F+(0}=0.75, we get fD/f =2.36, F+(0)=1.05 for set
(a); for set (b), we get fD If =2. 19, F+ (0)= 1. 1. Both
values for F+(0} are consistent with the experimental
value [13]F+ (0)/F + (0)= 1.0+o'3. For the B—+m transi-
tion, we get F+ (0)=0.8, and fz/f = 1.4 and
F+ (0)=0.7, ftt If = 1.3 for sets (a) and (b), respectively.
These values follow from the relation

fthm

If„
=(gmD Im, )f,If.=0.6 f,If..

We end this section with the observation that with
)(,o/A, =l, the shape of the curves shown in Figs. 1-3
remains almost the same, but they are shifted upward.
For this case, if we use F+ (0)=0.75, we get

0.4-

8-
(a)

0
0 0.8 1.6

g (Ggv2)
2.4

nc 40I

na
s

FIG. 1. Distribution @(t)~dI /dt for the decay D~Klev
for sets (a) X~ =1, A,g) /A, D =0.875 and (b) A,~ =1/&2,

s sO s s
A,z /A, D =0.875. Also shown is the distribution obtained by

using the phenomenological form factor given in Eq. (15).

10 20
g ( GeV2)

30

FIG. 3. Distributions (t —m, ) /t Q(t) for the decay
B~m~v, for sets (a) and {b). Also shown is the scalar distribu-
tion [(t —m2) /t2]4, (t) (marked s) for set (b).
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fnlf =2.9, 2.5 and F+ (0)=1.09, 1.03 for sets (a) and

(b), respectively.
&B,=+I —XB —5~& +1—

A, B' . (25)

III. DERIVATION OF THE RELATION

fB /fB =ms jmB AND THE LIMIT ON )(B
0 0 0

We first derive the relation fB IfB=mB lmB. The

heavy quark spin symmetry relates the vector form fac-
tors F's with the axial form factors G's [11]:

[(F—+ +F )mB+(F+ F—)E„]
=Go+ G+ E GE— . (17)

If we take AB = I /V'2 as previously, then AB /AB & 1.
0

IV. DECAY OF D (J+ ), J=0, 1,2,
MESONS TO PION AND D OR D

The emission of the pion by D (J+ ) would not affect
the velocity of the heavy quark. Thus it is the operator
Sq p which is relevant for these decays. Taking p
along the z axis, one has to consider the matrix element
of S3 cose=v'4~/3Y&oS3q between ID(J+)& and ID*&
or ID &. Hence the helicity amplitude

Using Eqs. (3)—(5), we obtain
F& ~ (D or D', A, IS q3Y&oID(J+),M ) 5M& (26)

fB t —mB
mB — fB

t mB

fB
=mB f.

Hence we get

mB +mB2 2

0

2 2 pmB

t —m 2

f iF i, . (18)
m .(t —m'. )

1

(2+M)(1+M)
2 ~

12
+1

~1M —1++

' 1/2
4—M

6 Y1M++
0

' 1/2

can be easily calculated by using the wave functions [2]
' 1/2

mB +mB2 2

0

2mB
fB,gB,B

= fB i FBi
1

mBy

which can also be expressed using f i =mB fB as
B& p p

(19)

IDI M&=

(2—M)(1+M)+
12

(2—M)(1+M)
12

1/2

—1
~1M + 1++

+1~1M-1X+

mB +mB2 2

0

2mB

mB
0

gB0Bn
mBg 1

(20) 1/2
(2+M)(1 —M}

6
—1

~1M+ 1++

+ —Yisr(Myi+2y )
6

We shall make use of this relation in the next section. If
we consider the matrix elements ( m+ Iiu y„y 5b IS o & and
(a+Iiu y„b IS; & and use the same procedure as above,
we obtain

(2 M)( 1 +M)
6

1/2
+1~1M-1X+

(27)

mB mB +mB2 2

B 2mB2 fBgBOBw

fB B
1 1

mB

Comparing Eqs. (19) and (21), we get

(21)

+ —Yt~(MX+ —&'- }
3

' 1/2
(2+M)(1 —M)

6
—1

~1M + 1++

fB lfB=mB /mB . (22) IDo, o &
= ( Y»X+' —Y&oX++ YiiX+'»v3

2 2
gB'B. g 0 ~

+ +$2f' m', 4mB
(23)

in which 5 is the contribution from the higher states in
the resonance saturation of the sum rule. Using the pre-
viously considered parametrization

A,Bm 2mB
gB B~ f ~ gBOBn Bo (24)

one obtains

We now discuss the BOB'. coupling. An estimate of
gB B can be obtained from the sum rule considered in

0

Ref. [10],which gives

where

x+'= I-'& I-'&

y', =Q-,'(I-,' &I
—

—,
' &+I —

—,
'

&I-,
' »,

In our conventions, the first spin state corresponds to
light quark and the second spin state corresponds to
heavy quark. Note that Dz(J=2+) and D, (J=l+),
D& (J=1+) and Do(J=0+), and D'(J= 1 } and
D(J =0 ) form multiplets of heavy quark spin symme-
try. Experimentally, D1 and Do have not been
discovered up until now.

Using Eqs. (27) and (28},it is easy to see that
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(D,OIf'S3q Y,0 I DO, O}=F0= &—1/3f' .(D,OI fsq Yio ID q, O) =Fo = 2/3f,

(D', +llfs, q Y,OID2, +I }=F~) = —f,
2

(29a) (30b}

(29b) Thus we see that

(D', 0;+1 lfs, ,Y,OID „0;+1&

=F0', F+& =&2/3f; V—l /6f, (29c)
and I (D& ~D*n):I'(Do~De)= ,'f'—:,'f'—. The above
results were also obtained in Refs. [3,6].

From Eq. (8), the decay amplitude for the decay
D, ~D'm in terms of the helicity states A, =O and A, = 1

in the rest frame of D, is given by

(D', 0;6 1
If'S3q Y(0 ID ),0;2 1 }

—=F~',F+, = &1—/3f', —&1/3f', (30a)

I'(D2 Dn):I (D2 D*m):I (Di D'm)= ' f—: ' f—: ' f—

AT(A, =1)=
m —m

Fn =2mn S+ D =2m' S+ (31a)

AL (A, =O)=
2

mD mD p p

2m g &m

46D mD

2 2
Ip'I'

mD —m mD
1

I
Po

=2m& S V2D —=2m& (S &2D )—,
D

(31b)

where we have used

&2

Gn =~2m ~ 1+
2m Ip'I

I

Using Eq. (32) and putting +2/36' =A~ mn+If, we

obtain, from Eqs. (36),

3 2 D' Ip.l'
We have put

(32} (4.4 MeV),

Po

mDy

mD +mD2 2
1

2mD
1

$2

=1+0
mD

=A, n2 (10 MeV), (37)

r(D, -D' }= ' [Isl'+IDI']Ip. l.2'
From Eqs. (29) and (31),we get

(33)

and Ip'I = Ip„I. Here S and D are the S- and D-wave am-
plitudes for the decay D&~D'm. They are normalized
such that

10m

(4 MeV},

where we have used, for D„D2 ~D*n. and D2 Dm,

Ip I=356, 388, and 504 MeV respectively [15]. From
Eqs. (37), we obtain

Fi = —&1/6f = S+ D
v'2

F0=&2/3f =(S V2D) . — (34)

I'(D D+n )/I (D' D'++a )=2.5

to be compared with the experimental value 2.4+0.7
[16]. If we take A,~ =1, then we obtain

1

f= &3D . — (35)

Hence we obtain S =0 [i.e., the decay D, ~D'n is a D-
wave decay] and

I (D, ~D'+n +D' n. )=7 MeV

and

I (D2 ~D'+n. +D' n+D+m. +D m.. }=21MeV

From Eqs. (33), (35), and (29), we obtain

IDI'Ip. f,1

2'

I'(D2 ~Dm) = 1 6
2m 15

ID I'Ip. l,

ID I'Ip. l .1 3
2m 5

(36}
mD +mD2 2

0

2mD

mD
1

gDOD~
mD

4mDmL*,
1

2m —m
1

DS'+ ~2

(38)

to be compared with the total decay widths of 20+5 and
19+7 MeV, respectively [15].

We now come to the decays D, —+D*m and DO~Du.
From Eqs. (20} and (31a), we get (replace $ and D by S'
and D' and mn by m, )

1 1
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Since DO~D~ is an S-wave decay, it follows that
D*, ~D*m must also be an S-wave decay. Hence we
have

mD ™D«mD+mD2 2
1 Q

4m 2mD
2 2

1

gDQD~ (39)

(40)

The above result also follows from Eqs. (30) and (31).
From Eq. (33), we get, on using Gn rp

=A,n 2m'/f,
r(D", D "~-)

4A,

(m, —m g)[(m g
—m, ) —m ]i

32m. f'

Im(8) =X IF~ 114s~ I' . (44)

For DO~De. , the angular distribution is isotropic. For
D(1+,M) +D'm—, we get

Ii~(8)= IFOI'IdMo(8) I'

+ l~'I'[ldM|(8}l'+ ldM-g(8}l'] . (45)

Results similar to our results given in Eqs. (37), (40},
and (41) were obtained in Ref. [16] using the machinary
of the effective Lagrangian. These decays were also stud-
ied in Ref. [17] using the trace technique. We have de-
rived these results with simpler techniques.

Finally, we discuss the angular distribution of pions in
the decays D(J+)~D'(D)n. The angular distribution is
given by [18]

Using the definition (7), we get

4A,n
1 (Dt D+m )= (mn —mn)

327T f 0

From Eq. (45), we get

I,o(8)= IFQ I cos 8+ IF I I sin 8,
I$$(e)= —,'[IFo 1~sin'8+ IF I I'(1+cos 8)]

(46)

X [(m~ —mn } —m ]'~ (41)

No experimental data on D
&

and Do are available. One
version of the quark model [2] gives m + =2.29 GeV and

1

mD =2.19 GeV. Using these values, we obtain, from
Q

Eqs. (40) and (41),

r(D
&

D'+n ) = [Az(2A& /Az )] X 11 MeV,

r(DQ~D'+n )=[A&(2A& /Az)] X18 MeV .

(42)

(43)

In the discussion of the D~ri transition, for the form
factor F+(t}, we have used two set of parameters: (a)
A,z =1, A,z /A, z =0.875 and (b) A,z =1/v'2, A,& /A, ~
=0.875. Using sets (a) and (b), we get
r(Df ~D'+m )=34 MeV, r(D 0~0D+n)=55 M. eV
and 1(Di ~D'+n )=17 MeV, r(DOdD+a )=27
Mev, respectively. In future experiments, these predic-
tions can be tested.

i(8) .

For D,' ~D 'n decay, using Eq. (30), we see that
I,o(8)=I»(8)=I, , (8)= —,

' f'~; i.e., the angular distribu-
tion is isotropic as expected for an S-wave decay. For the
D, +D'md—ecay, u. sing Eq. (29c), we obtain

I|0(8)=—,'f (1+3cos 8),

Il, (8)= —,',f (5—3cos 8)=I, l(8) .
(47)

Equations (47) show that the decay is a D wave de-cay.
However,

I, (8)=—,
' Q I, (8)= ,'f— (48)

M

i.e., the angular distribution I, (8) is isotropic. This is
true if D, is a pure beam. If this not so, then let fz be
the probability of finding it in an M=0 state. In this
case, the probability of finding it in an M =1 or —1 state
is —,(1 fL ). Hence th—e angular distribution is given by

I,(e)= ,'[y, I„(e)+,'(-1 I, )I„(e)-+,'—(1 y, )I, , (-e}]-

=-,' [fL(II'01'«s'8+ II'I I'»n'8}+(1 fL)[II'01'»n'8—+ IF I I'(1+«s'8}]I . (49)

Thus for the D& ~D'~ decay we obtain

I,(8)= [—,'f (1L+3c eo)s+ —,', (1 fJ }(5—3cos 8)]—;

and for the D*, ~D'm. decay, we again get isotropic dis-
tribution.

For the decay Dz ~D~, using Eqs. (44) and (29), we
obtain

I20(8)= —,'f (1—3cos 8)

Iz, (8)=f cos 8(l —cos 8}=I2,(8),
I2z(8)= —,'f (1—cos 8) =I& z(8) .

For the decay D z ~D*m, using Eqs. (29b), we obtain

I&0(8)=T3f cos 8(1 cos 8), —

Iz, (8)=—,
' f [4cos 8—3 cos 8+ 1]=I&,(8),

I2z(8) =
—,
' f (1—cos 8)=I& 2(8) .

(51)

(52)
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It may be noted that for D2 decays the angular momen-
tum and parity conservation restrict these decays to the
D wave. The heavy quark spin symmetry does not give
anything new as far as the angular distribution of Dz de-

cays is concerned. However, for D (1+ ) decays, the gen-
eral angular distribution is given by Eqs. (46} and (49).
However, for these decays, heavy quark spin symmetry
gives a definite prediction for D& ~D* to be isotropic,
and for D, ~D*m. decay, the angular distribution is
given in Eqs. (47} and (50). These can be tested in future
experiments

To summarize, we have derived the relation

ftt /f~ =mtt /mtt and have indicated that Aa /Aa is ex-
0 0 0

pected to be & 1 in the parametrizations

ga+a =Attmtt, /f (Aa (1) and gtt tt =A, tt (2mtt/f ),

which take into account the possible corrections to the
values for g and g~ z . The parameters A,z or A,D

and A,a or A,D determine the form factor F+(t) for the
0 0

semileptonic decay of a heavy meson to a light meson.
Thus in our approach these decays are correlated with
D*~Dm and DO~De. decays. We have shown that
with AD =A,D=A&=1/+2 and A,D /A, D =0.875 or 1,

S so s

the experimental data on D ~Klv can be fitted with the
form factor F+(t) obtained by us. This fit implies

fD/f =2.2. Fork, n /A, D =1, we get fD/f =2.5. The
$0 S

value A,D=I/v 2 gives gD n =mn/v 2f„, i.e., the

Kawarabayashi-Suzuki-Riazuddin-Fayyazudin (KSRF}
value [19] for the D mesons. The value A,D=I/V2 is
favored by the present experimental data on D*~D~
and D ~Klv decays.

The value A, =1 gives a pure V —A structure for the
heavy meson, i.e., g„=l. The value A, =l/v 2 gives a
V—0.713 structure, i.e., g„=0.71.
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