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Heavy quark effective theory is applied to semileptonic decays of B mesons into charmed higher
resonances Dx, where subscript X denotes various spin-parity states of resonances. We calculate the
differential decay rates and branching ratios of the decay B— Dxlv,. We find that the largest fraction
of the semileptonic process B— Dxlv; other than D(1869) and D*(2010) is D#(1P state) whose value
is 0.119%. It is also estimated that among the unidentified modes in the semileptonic decays of B
meson other than D(1896) and D*(2010) the total contribution of exclusive higher resonance modes
to the branching ratios is 0.3%. The results are compared to the recent experimental data and the
other theoretical analyses. We discuss also the unidentified modes in the semileptonic decays of B
meson which cannot be reduced to the exclusive higher resonance modes.

§1. Introduction

Recently considerable experimental and theoretical effort has been devoted to
understanding the dynamics of hadrons containing a heavy quark. In the case that
a heavy quark @ has a enough large mass compared to the QCD scale parameter ZAqco
(i.e., me> Aqcp), it is good approximation that a heavy quark has no recoil by QCD
interaction in the heavy flavored hadrons. Then the angular momenta of the heavy
and light degrees of freedom decouple (due to the above approximation) in the limit
of me—0.Y The heavy quark effective theory(HQET) has simplified the analysis of
various phenomena of heavy flavored hadrons such as weak decays, mass spectra and
so on.? HQET -enables us to describe semileptonic decay processes by use of only a
single form factor so called as the Isgur-Wise function &(y),” where v is the invariant
product of four-velocities of initial and final heavy flavored mesons. This theory is
very useful to determine the Kobayashi-Maskawa matrix element | V| with the
normalization &(1)=1 for B— D* [y, even though the differential decay rate is singular
at v=12 In this paper we study the semileptonic decay processes of B meson with
the final state including higher resonance of charmed meson Dx on the basis of HQET,
where subscript X of Dx denotes various spin-parity states of charmed meson reso-
nances. 7

The present experimental data for inclusive and exclusive branching ratios of B
meson semileptonic decays are listed as®

Br(B- Xev.)=10.7105% , _Br(B—>X;w,;)=10.3i0.5% (D
and |

Br(B°-» D I*v;)=18+05%, Br(B*-D*v;)=16+0.7%,
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Br(B°~»>D* [*v,)=4.9%0.8%, Br(B*->D*[*y)=4.6%0.7%, (2

respectively, where / indicates electron or muon. The unidentified exclusive modes
other than the above, whose fraction seems to be about 494, are possibly reduced to
charmed higher resonances Dx, direct production of two or more uncorrelated
hadrons and non-charmed hadrons. The direct decay mode into non-charmed meson,
however, is expected to be neghglbly small due to the small Kobayashi-Maskawa
matrix element | Vis|®

|Vub| _

Vool — =0.05—0.10.

Therefore in order to understand whole of B meson semileptonic decays, from both
theoretical and experimental sides it is important to study how the higher resonance
modes are participated.

This paper is organized as follows. In §2 we formulate B- Dxlv, processes
including kinematics by use of HQET. In § 3 we obtain the Isgur-Wise function on
the basis of constituent quark model.®’ Then we calculate the decay rates and the
branching ratios of the processes B— Dx/lv;. Finally we give brief discussion and a
summary in § 4.

§2. Semileptonic decay B— Dxly,;

Heavy flavored mesons are classified by the angular momentum J; and parity P
of the light degrees of freedom denoted as /. According to heavy quark spin
symmetry of HQET, for each /£ there are two heavy flavored meson states with J*
=JF+(1/2). These two states with spin-parity of the light degrees of freedom J/
=(1/2",1/2*, 3/2%, 3/2", ---) are denoted by Dx with subscripts X=C, E, F, G, -+, and
the radially excited state of ground state C with J£=1/2" by Dc,, etc., following the
notation given by Ali, Ohl and Mannel.” In this paper we study the semileptonic
decays into the following ten charmed mesons: '

C: D(1869)(1'So), D*(2010)(13S1); E:DF(1*R,), Diz(1"°P);
F: Dir(1%2P), DF(2460)(13P,) ; G: D¥(1*Dy), D,(1"%Dy);
Cz! Dcz(ZISO) s 32(2351) .

In the parentheses the mesons are also assigned by the notation #***'L;. We investi-
gate the decays into D, D* and these eight charmed meson higher resonances. Here
we notice that both of heavy flavored meson states Diz and D:r are the mixing states
of 1'P; and 1®P, with the mixing angle to be about 35°, that is |Diz>=41/3 ['P>—/2/3
PP, and |Dir>=y2/3'P>+/1/3°P>.® The observed state Di(2420) should be
assigned to either Dir or Dir.

Following the works by Falk et al.,” we represent these Dx fields by the operator

I x(0)=vmx Te(0) He(0) 2T (o), 3)
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Table I. The heavy flavored meson field.

JE J? Dx * Hx(v) in Eq. (3)
1- 0~ D 7s
Cl 2 [ 1 p y
1+ ot | D¢ 1
S B TR R rod
s _g_+ 1* Dir —\/gﬁ[S”—'%(?’”-i-v”) #]
2t | Dt e _
2 D, rs7vE™
G %— 0 De, ¥s
1 Dg, ¢

which annihilates the heavy flavored meson Dx with the four-velocity v, where %(v)
and /x(v) are the fields of the charm quark and the light degrees of freedom of the
heavy flavored meson Dx with the four-velocity v, respectively. The matrices Hx(v)
for ten Dx states are given in terms of the y matrices in Table I. These representa-
tions are very useful to calculate the transition elements with suitable form factors for
the processes by using trace formalism as shown later.

Now we concentrate to the semileptonic decays B— Dxlv;. The momenta of B,
[, vi and Dx are denoted as P, p1, p» and ps, respectively. In the rest frame of B
meson, the decay rate of B~ Dx/lyv, is given by

d[’(B‘" DXZV[) :_Z—}n—BIA(B - Dxl)/z)lzdm: , (4)

where the phase space

P R
drs=Q271)'6“Y(P—pr—p2 P3)E1(2ﬂ)32Ei ®

is taken over all final state momenta and spin sum is assumed. The decay amplitude
A(B~- Dxly,) is given by a product of the leptonic current L* and the hadronic current
H* with the Kobayashi-Maskawa matrix element V¢, as

A(B—’Dxll/z)z'—g—F‘ VesL*Hy . : (6)

/2

In the following we put lepton masses to be zero, because the masses of muon and
electron are negligibly small compared to the masses of these heavy flavored mesons.
The leptonic and hadronic currents are given by

L= "= rs)vu., (7
H*={Dx(ps)|]7*(0)| B(P)>, _ ‘ ®)
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where

Ji=VE—At=cr*(1—1s)b.

The decay rate is Lorentz invariant and we split the phase space into Lorentz
invariant pieces so that it takes on a particularly simple form:

d (471_)5 dq anld.QDx y

P=(P—p),
O e ©)

where d; is the solid angle of the charged lepton in the /v; center of mass frame (/v;
frame), d@p, is the solid angle of the final meson in the rest frame of B meson and K
is the magnitude of the final meson momentum in the rest frame of B meson.!? After
- summing over the spins of charged lepton and neutrino the matrix element squared is
given by

|A(B> Dxlv) =2 Ge?| Voo L HLE | (10)
2

where
L =8(pr"pa” + ;1" ps" — g" b1+ pot 1€ * Praps) .

The matrix element of the hadronic current H,. should be constructed by Lorentz
invariant form factors and the four-velocities. Now we set the four-velocity v. and
v by the convention of HQET,

P#:va/-‘ ’
Daup=mMpxVs,

and introduce an invariant variable y=o* v# The momentum transfer squared
quantity is

@*=(P—ps)?=(p1+ po)=ms"+mb,—2msmpyy . (11)
Then the differential decay rate dF/dy is given by

Al _ G| Ve’
dy 2(47)°

Uz /KLWH,HJ d0dDpy (12)
Non-zero matrix elements of the vector and axialvector parts of H. in Eq. (8) are
expressed in terms of form factors as follows:"

<KD@")| Vul B(v)> = 7.0+ 1)t () (=), (13a)
Wigiip » '

{D*(v)| Vul B()>
v MBMip=

=15UY) €uvase™ v 0" , (13b)
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DMNAABOY _ Fe(y)(yt1)et—(e*+ o) @ () v+ 0
WM p=* . .
+a-“(yv)(v—0)4}, (13c)
SDENAABOY _ 7 2(3)(p+ 1)t 7-E(5)(w— ), )
Y{(3: 10}

<D1E,1F(U,)l Vle(U»
LY mBle

= [P (y)y+Dek— (e o) @a = () v+ )

a0 ), (13e)
<D1E,1F(U,)|A#|B(v)> = Z'glE’lF(y) €puaﬁe*yvmvﬁ ’ (lgf)

IMBMDl
<D2*(U,)l V#|B(v)> _ i§2F(y)€yyaﬁe*upvpv,avﬂ , (13g)

B D%
DEWIANBD _ For(y)(y+1)ety0* — (b o) @2 () (v + )

«/WZBWLD§ :
a2 () (=) | (13h)

<D1*(Z),)I V,u|B(U)> — Z’glc(y)e;lyaﬂe*uv,avﬂ') ’ (131)

v WBMWl D%

<D¥v)|ALB)>

= F(y)y+Dei—(e* v @) (v+v)u
WM bpt .

+ @) (0=, (1))

- <D Vil B(w)>

= 720(3)(y+ Dk’ — (200"} 32 () (0 + )

WBWip,
+a-2%(y)(v—v")d}, ‘ (13k)
<D2(j}/ ;LAn;IB(U» =1G%°() €mase™ Vo0 V* (131)
BVItDy

where ¢} and &}, are polarization vector and tensor for final state meson respectively.
The matrix elements for radially excited states D¢, and D&, are given by the same
expressions with those of the ground states D and D* by replacing masses and form
factors. :

~ The polarization sums for spin-1 and spin-2 mesons are

ME(v)=Xekel
pol
= — Gut+vuvy, (148.)

M2 os(v)= 1:1201 eheds
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=5 M) M)+ MEB()UP()

— T ME M), (14D)

respectively. In general the matrix elements of bilinear currents of two heavy quarks
are calculated by taking the trace :

<Dx(W) b o) Ths (W) B@)> _ 01 H x(v") he(v) Tho(w) K 5(0) 110>

\/mBme ‘/mBme

—TI‘{HX( )1+ LA 1+ 14 = rsMx(v, )}, (15)

where Hs(v)=ymz [(v)7s 1—; Y hs(v) is the annihilation operator of B meson and

H x(v’) is also annihilation operator of Dx, which is given by Eq. (3) and Table I, and
I'=y.1—7). The matrix HMx(v, v') represents overlapping of the light degrees of
freedom between the initial and final heavy mesons. Due to the heavy quark symme-
try, for each doublet of spin-symmetry, these matrices Mx(v, ") can be expressed in
terms of only one independent form factor called as the Isgur-Wise function &x(v).”®
- For the processes ("= X(X=C, E and Cz)

Mx(v, v)=6x(y), - (16a)
and for 0" > X(X=F and G)
Mx(v, v)=Ex(y)v,. (16b)

The vector index ¢ of v. in Eq. (16b) is contracted with that of H x(v") of the final
excited mesons given in Table I. The function £x(y) generally depends on the states
of the light degrees of freedom. Form factors in the matrix elements given by Eqgs.
(13) with the same J/” final state are related to the corresponding Isgur-Wise function
£x(y).  The relations among these form factors are given in Table IL

Through a straight forward calculation we get the following expression for the
decay rate,

CZ;X GF4§|3V§”| sy P —1mb, Wy, rx)Ex(v)?, (17)
where Wx(y, 7x) is given by |
Wx(y, rx) 7
—G-DOHDAFm? (for BoD and Do) (18a)
=+ +DA—rx)+4y(1—27xy +7x)} ‘
4 (for B~ D* and Dg,) (18b)
=(y—D(y+1DA—7x)? (for B~D§)  (18¢)

=(y—D{y—DA+7x)?+4yQ—27xy+ 7x*)} ~ (for B-Diz)  (18d)
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Table Il. The relation of form factors to £x(v).

763

P _ 1 - P __ 1 *
x c(rr=%) B(77=%)
JE o 1” 0* 1*
75 =) 75()=—£(»)
Fe()=¢c(5) Fr=170e)
Fé)=¢c(v) a +C(y)=%5c(y) FE()=0 a5 (y)= —%Ez(y)
Fe)=0 E)=—tec(r) | FE=—&0) a5 (y)=5£:(9)
P__ 3 * P__ 3 -
X F<]l —7) G<]z —7)
JPo 1 2* 1~ 2"
grn= _%y Er(v) | G (9)=6r(v) F)= 1ng Eo(v) G (y)=—¢&s(y)
Fr=12e) | FE5)=E) P =17280) | P = hee)
TO=E2a0) |2 =560) |G W=D | 2=~ )
2 0)=2et) | ar)=—Fa0) | T =T | a)=gE0)
x =)
Jr o 1-

g (9)=Ecy)

F(y)=6cy)

F(y)=Ecy)

&)= Eei(y)

F-(»)=0

&-(y)=—56c(y)

=2 (= D+ DA - DA+ rf+y(1—2ray+ 7)) (for B>Dir)  (18¢)

Z% (y—DHy+ 1){(y+1)(1f rx )2+ y(1—27xy+7vx?)} (for B~ D¥), | (18f)

respectively and 7x=mp,/ms.
The exclusive decay rates for the processes B—~ Dx can be calculated also in

terms of helicity decomposition method developed by Gilman and Singleton.'”

In the

Appendix we show the helicity decomposition method for the spin-2 final mesons as
~ well as for spin-1 mesons. ' ‘
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§3. Isgur-Wise functions and the constituent quark model

In order to estimate the decay rates for B— Dxlv,, we have to determine these
Isgur-Wise functions by use of specific model. Before the model dependent argu-
ments, we point out the following property of the Isgur-Wise function. Form factor
&c(y) of the transition between ground states of B meson and D or D* meson is
normalized as &c(1)=1. In the heavy quark limit the other form factors &x(y) for X
=E, F, G, C; are £x(1)=0 due to the orthogonality of the wave functions of each light
degrees of freedom.

In the following in order to obtain the Isgur-Wise functions we employ the method
that is systematically analysed by Grinstein, Isgur, Scora and Wise (GISW model)® on
the basis of the constituent quark model and that is developed by Ali, Ohl and Mannel
to apply the rare decay process as B~ KX7.” We assume that the constituent quarks
are bounded by a potential given by

V(ir)=— éa;f +ctbr,

where as is QCD coupling constant and & and ¢ are the parameters of the confinement
potential. From the standpoint of HQET, heavy flavored hadrons are classified by
spin-parity of the light degrees of freedom JZ as shown in § 2. However, since we
employ the constituent quark model, the wave functions are chosen to be eigenfunc-
tion of the orbital angular momentum L. ,

We use the variational method, which is used in Ref. 6), to determine the above
parameters. Here the trial wave functions of initial and final meson states are given
by the harmonic oscillator wave functions,'”

Or(z)= w(ﬁ)@(lxp , © (19a)

0n(2)= V(15 ) pe(|) | (19b)
with the normalization , |
1=/d3x@}"m(x) QIIF(-T):/d7’7’2¢?</F(7’)¢1/F(7’) .

The form factor £(y) is defined by the overlap integral of wave functions of the initial
and final mesons as ‘

E0)=I(0-0)=i"V2LF1 [drr*$8(r)$:(r)jslAr /oo P—1), (20)

where j. is the spherical Bessel function of order L, A=, mq/(me+my) and Av’ is
the momentum distributed to the light quark ¢. The relevant wave functions ¢r(7)
are

$r3(r)=V4r % exp[— For?/2], ~ (21a)
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80070 = [ yexol — ghor2), (21b)
(1D) 4 ,800

¢, (r)= /_5 7r1/47’eXD[ Bio7?/2], (21c)
be2r) =i | 2 BB ( S pss— ool —Bor?/2], (21d)

where the parameters Ssp, 8rp and Bop are obtained by using variational method.
For ¢-?(7) in Eq. (21d) we use the same value of Bsp to keep the orthogonality
between ¢="%(7) and ¢®(#).® This condition does not give the stationary point
for ¢r®(») and its mass becomes a little bit larger than the mass at the stationary
point. However this result does not affect the following analysis numerically. Since
the initial state is the pseudoscalar B meson, its wave function ¢:(#) is '

¢i(r)=v4r B3 374 expl—B%7%/2], (22)

where we take Bss as a variational parameter. Finally we obtain the Isgur-Wise
function &x(y) as, for example, '

for D™ modes.

In the following we use @s=0.5 and m.=ms=0.33 GeV for the constituent quark
masses. To determine the other parameters of the potential and trial wave function
and constituent mass of bottom and charm quark, we use the following values as the
inputs:

mp=1.869 GeV , mp+=2.010GeV, wmp,=2.424 GeV,
mpy—=2.459 GeV , ms=5.279GeV,

where we assign Di(2420) to Dir(JF=3/2"). The adjusted values of variational
parameters which reproduce these input data are

b=0.158 GeV?, c=—0563GeV,

me=1.63GeV, m,=4.98GeV,
and we also get

Bsp=0.373GeV, Brm=0.316GeV,

Bop=0.293 GeV, Bs5=0.393 GeV .

We compare the Isgur-Wise function £c(v) obtained by using these parameters
with the experimental data. However, this function £c(y) gives too larger branching
ratio than the experimental data in Eq. (2). This incoincidence could be attributed to
the non-relativistic constituent quark model, so we should take the relativistic recoil
effect in the form factor &x(v). Then we introduce the compensation factor « to
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account for this effect,” so that

cl)=( 228 exo ey *- ) (242)
test= (B ol Mg 0 e
e Bt ) "ol liy )
(A=), (240)
RS S
G- G ) e

We choose #=0.61 so that the sum of the obtained branching ratios Br(B - D/v;) and
Br(B— D*lv:) are consistent with the experimental data Br(B- Dlv,)+Br(B- D*lv,)

=6.7%.

The calculated form factors £x(y) in Egs. (24) are shown in Fig. 1.
son we also show the function &(y)=exp[—

fitting the experimental data of the
decay B-D*lv,. From this figure it is
shown that the Isgur-Wise functions for
high angular momentum states are very
small due to the little overlap integral
and we can expect that contributions
from the Dx states higher than D-wave
(D¥ and D) are negligibly small. Also
the form factor for the first radially
excited states &c,(v) is small as shown in
Fig. 1, and the form factors for the sec-
ond or higher radial excitation states
become negligibly small. It is noted
that the conditions in the heavy quark
limit, &:(1)=1(0.998) and &c,(1)=0(0.06),
are not satisfied in our calculations,
where the values in the parentheses
denote the numerical values in the pres-
ent model. If we put Bsp= Bss, we easily
see that the conditions are fulfilled by
using Eqgs. (24a) and (24d). Bsp+Bss is
attributed to the effect of finite heavy
quark masses.

For compari-

p*(y—1)], with p=1.08,"® which is given by

0.8

0.4

) - _
0.2 7 ~

] A ot R x -~
-"g T~ -B
i et
o= 1.2 T2 1.5 1.8 3
y=vv'
Fig. 1. Isgur-Wise function &(v). &c, &e.r, &6 and

&c., which are calculated with the degenerate
masses, are shown as the upper solid line, the
upper dashed line, the lower dashed line and
the lower solid line, respectively. - For compar-
ison, the dotted line is the Isgur-Wise function
Ec(y)=exp[—p*(y—1)] (0=1.08, |Ves|=0.045)
given by fitting the experimental data.”®
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The calculated decay rates are listed in Table III.  To calculate these decay rates
we use the physical parameters

Gr=1166X107°GeV~?, |Ve|=0.042" ms=>5.279 GeV,

the experimental values of mass for X=C, F* and the degenerate masses of Dx (X
=F, G and Cs) calculated from the constituent quark model which are also listed in
Table III. We also summarize the branching ratios of the decay modes B—Dx in
Table IV, where we take the total decay rate of B meson to be 510X 107" GeV from
the mean lifetime 73=12.9+£0.5X10""®sec.”

"~ As shown in Tables III and IV the dominant decay modes of the semileptonic
decay B- Dxly: are of course the decays to the ground states D and D* which
contribute about 6.7% of the total decay of the B meson and account for the major
part of the inclusive semileptonic decay B— Xlv.. The contribution to the semile-

. Table III. I'(B- Dxly.) in unit | Ves/0.042)> GeV .

JE J7 Dx mp(GeV) I'(B- Dxlvy)

s | e | 2 0 D | 1.869® 8.60 X107
2 1~ | b* | 2.010 25.54 X107
1+ 0* D | 2.446 0.13 X107

» Elz 1 | D | 2.446 0.17 X107

_ e | 3 1* | D | 2.424® 0.40 X107
2 2+ 5| 2.459 0.57 X107

b el 3 - D¥ | 2.800 0.00083  X107%
2 2 D | 2.800 0.00085 X107’

2w | ol L 0 De, | 2.767 0.078 X107
z 1" D% | 2.767 0.19 X107

a) These are experimental values.”

Table IV. Br(B- Dxlv) in unit (5/1.29 »s)%. The values of GISW® are estimated for Br(B—D,
D*I)=6.7%, and the relative ratio of each mode are referred from Ref. 13). The values of
CNP' are estimated for | Ves|=0.042.

J7 b Dx | Br(B-Dxv) GISW CNP Br(Dx-D*)
s e | 2 0 D 1.69 1.54 -
2 1 D* 5.00 , 4.47 —
s | 1 0* D¢ 0.025 0.11 0.06 - 0
P 2 1* Dis 0.033 0.21% 0.08 1
| 3 1* | Die 0.079 0.417 0.11 1
2 2+ D 0.11 0.14 0.22 0.29
o | e %- 1 Dt 0.00016 0.25
2 D, 0.00017 1
s | o | L 0 De, 0.015 0.07 1
2 1 D, 0.036 0.06 0.56

a) Value for 3P state.
b) Value for 'P, state.
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ptonic decay next to D and D* mesons comes from 1P states DF and D,r which are
0.11% and 0.08%, respectively. Sum of the contributions of the semileptonic decays
into Dx of the P- states (X=F and F) and the D-states (X=G) are about 0.25% and
0.0003%. From these results we may conclude that the contributions from the higher
resonance states of D meson with orbital angular momentum L >3 will be completely
negligible due to the small overlapping integrals and small phase volumes. Contribu-
tions from the decays into radially excited states also rapidly decrease with increase
of the principal quantum number. The contribution of the 2S5 states seems to be less
than 1/100 of that of the 1S states. Then the total contribution of the states except
for 18 states is only 1/20 of that of the ground states.

The decay rates of semileptonic processes B— Dx/v; are sensitive to the mass of
Dx due to the form factor and the phase volume. If the masses of Dx are changed by
+0.2GeV with the other parameters fixed, then the decay rate into the P-wave
resonant states will change by F1609% while into radially excited 2S states will
change by +130%. The ratios of longitudinal to transverse, however, are rather
insensitive to the mass of Dx. We can get L/T =14 for Diz and L/T=5.8 for Dir.
The decay rate into multiplet G is negligibly small so that its uricertainty due to the
masses of G states could not give sensitive effects to the branching ratios of the
inclusive decay B— X/lv,. From Table IV the total sum of the branching ratio of B
- Dxlv; other than the ground states D and D* is 0.3%.

§ 4. Discussion and summary

In the preceding sections we evaluated the decay rate and the branching ratio for
the exclusive process B — Dxlv; on the basis of the HQET. Asshown in Table IV, the
result for branching ratio of exclusive semileptonic processes to the S-wave ground
states are Br(B- Dlv;)=1.7% and Br(B- D*/v;)=5.0%. These calculated branching
ratios reproduce the experimental branching ratios. The sum of the branching ratios
of the processes into the S-wave ground states is Br(B— S-states)=Br(B - Dlv,)+Br
(B- D*Iyv;)=6.7%, the one into P-wave states is Br(B— P-states)=0.25%, and the one
into D-wave states is estimated to be about 0.0003%. For the radially excited states
(2S-states) the sum of the branching ratios is Br(B—2S-states)=0.05%. From these
results, as expected, the exclusive branching ratios Br(B—- Dx/v;) decrease rapidly as
the orbital angular momentum and the radial quantum number of excited Dx states
increase. So most part of the contribution of higher resonance to semileptonic
branching ratio is sufficiently occupied by 1S, 1P, 1D and 2S states.

The sum of the calculated branching ratios of Br(B— Dxlv;) other than the ground
states D and D*, Br(B- Dxlv;; X+ C)=0.3%, is only one twentieth of the branching
ratio into D and D* mesons, Br(B— S-states). This means that Br(B— X./v;))=7.0%
and the remains of Br(B— X1v,)=3.7% may be continuum and non-charmed processes.
Our result of the total branching fractions into charmed higher resonances is consis-
tent with that given by GISW® and by Colangelo Nardulli and Pavor.!? We obtain
the ratio
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R= BI'(B_’D)(ZUL; X+ C)
Br(B—> Xll/z)

~(.03 . (25)

This value should be compared to the recent experimental value K=0.21+0.08.%
From our result in Table IV we can also evaluate the ratio between observed numbers
of N(Dx{7™) and N(D*[7),

N(Dxl_) — BI‘(EO_’DX+Z_ Ul)Br(DX+—>D*)sX
N(D*I7)  #£¢ Br(go"’D*+1_ Vi)

<0.04 , (26)

where Dx represents the higher resonance state other than D and D* and Br(Dx*
- D*) is the decay branching ratio of Dx* into D* via strong interaction which are
listed in Table IV. Though this value 0.04 is given at the efficiency ex=1, this is still
very small in comparison with ARGUS’s data 0.27."® On the other hand, as shown in
Table IV, the ones resulted from branching fractions into charmed higher resonances
calculated by GISW and CNP are 0.15 and 0.05, respectively. These values are also
smaller than the ARGUS’s data. Grinstein pointed out that the processes like B
- D™y, could be an important correction to the inclusive semileptonic rate and it
may be accounted for some of the anomalously large Dx(X =+ C) contributions.!* It
is also discussed that the virtual B* processes like B~ (B*r)— D zly, give the large
fraction of the continuum.'® ’

How can we interpret this discrepancy between the theoretical predictions and
the experimental data about the contribution of the excited states Dx in semileptonic
B decays? Solving this problem is important to check the applicability of HQET.
We have to proceed with the theoretical investigation as well as to wait the further
detailed experimental data.

In this paper we use the constituent quark model which requires &z(v)=_E&r(y).
This is caused from that the wave function of each meson is assigned to an eigenfunc-
tion of orbital angular momentum L, not /. The 1/mq correction may be important
as the energy of light degrees of freedom increases. For example, in Ref. 12) the
branching ratios for 1P states with the 1/mq correction are 2~3 times as the ones in
the heavy quark limit. So it is meaningful to clarify the model-dependence and the
1/mq correction in the Isgur-Wise functions.

Appendix

In this appendix we formulate the helicity decomposition method, which is
developed by Gilman and Singleton,'” to obtain the decay rate for the D meson
resonances with spin-2 as well as spin-0 and -1. The differential decay rate is given
in terms of the helicity decomposition as:

dl _ G| Val K
dq? 967°  ms?

(HP+H-P+Ho) @7
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where subscripts of helicity amplitude denote the helicity of final meson state and K
is defined in Eq. (9). In the /v; frame the helicity amplitudes become

H.:=0, : (28a)
S B=—2K 2 :
0= 7—q7msf+(q ) (28b)
for J¥=0" final meson, and ,
He=f(q")F2msKg(q®), (29a)
—_ 2 2
Ao= g (12— () i) (290)
Dx

for ]P 17 final meson. The form factors fi(qg?), 9(¢®), f(¢*) and a.(¢®) in above
equations are related to those in Egs. (13a)~(13c) by

ful@) =g o1 220) 7o () (1-22) 7o) (302)
A @)=V msmo, (1+v) F(y), (30b)
o) =5 ==5°0), | | (30c)
ag) =g e (1472 2,50~ (1-2725) 7<) G0

.Also for J¥=0", 1* final meson we obtain the decomposition the same as for J*=0",

17, final meson replacing the Isgur-Wise form factors by corresponding ones. Then
using Egs. (27)~(30d) and Table II we have the function Wx(y, 7x) in the decay rate
Eq. (17):

2 2
az’;x - Gislsfr/?”[ ms™ v — L, Wi(y, 7x)Ex()? - (D

for each spin and the polarization (longitudinal and transverse), and Wx(y, »x) are
listed in Table V.

We proceed to the final meson with spin J*=2* by extending the method given in
Ref. 10). In the expression of the decay amplitude squared Eq. (10) only the spacial
components of L* are non zero in the /v, frame, because we neglect the mass of the
leptons. So we only need the spacial components H of H. in the /v; frame,

H=21y @*msg(q*)(e* P) X ps— f(q*)(e* P)—2(e* PP)a+(¢*)ps,

(e*P)=(ehP*, ehi P, efi PY),

(e*PP)=(eiP"P"), : - (32)
where g(q?), f(¢®) and a+(g®) are form factors given as

<Dep)|J#(0)| B(P)>= —ig(q*) €uvns(e** P)(P + 13)°(P — p5)° + f (a* N efa P?)
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Table V. Integrand Wx(y, rx). The subscripts X of rx are
omitted in the table. L and T represent longitudinal and
transverse components, respectively.

JE Jiz Wx(y, rx)
c 0- (=D +1)A+7)¥
& % 1. (y+1)2(1—7)*
Cz

1r~ | 4v(y+1)A—2ry+77)
C0* —DE+DA~7)
E | 3 | u | G-asey

15 | dy(y—DA—-2ry+7%)

4

Lt | R0+

L+ | Zy(y-Do+1-2m+7)

Fo| 3
20 | Ho—D+-7ry
2 | 2yG—DO+DA—2my+77)
Lo | 2G-1+0—ry
o | o[ 23—y +DA-2ry+7)
27 | 2O-DO+DA+ Y
207 | 2(y—1P(y+1X1—27y+7%)
+ (el PYPY(P+ pa)u+ a—(eP*PY)(P— po)s (33)

for 2™ state. For 2* state, the sign of each term on r.h.s. of Eq. (33) is changed. To
proceed further, we express the polarization tensor &3: in the concrete form. Because
the degree of freedom of polarization is five, we put

5 5
e*/‘uz 2 a a,uu , E (1112:5 ,
a=1 a=1

where @, is coefficient for each polarization tensor A/*(a=1, 2, ---, 5) which is trans-
verse to ps”, symmetric and traceless tensor and which is normalized as guogvedd™As"°
=0s. In the rest frame of final meson, ps*=(moy, 0, 0, 0), A(a=1, 2, ---, 5) are given
by ‘

0000 0000 0 0 00
1]00 01 1]000 0 /70—1/200
J210 0 0 0 J2l 0o 0 0 1 3o 0 -—1/2 0

010 0 001 0 , 0o 0 0 1
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(34)

Sl
o O o O
O = O O
o O O
o O o O
Nis
[eno TN e S cus B ]
oo = O
=
)
o o oo

’

In the /v, frame, where we define the positive z axis as the direction of the —ps and
let p=|ps|=mszK// 4%, the momenta of neutrino and the B meson ps* and Px become
as

ﬁSﬂz(EDx, 0) 0) _p) )

P#:(EB’ O) Oy —p) s (35)
where
o mBZ 2 Qz >
EDX 2‘\/?<1 YX mBz ]
Jo (1—1’ 24 ‘12') (36)
B A -

In this frame the matrices A, are given by

0 p 0 0 00 p 0
1 p 0 0 —Ebp 1 00 0 0
Vom0 0 0 0 Vompe | » 0 0 ~Epy
0 —Ep, 0 0 , 0 0 —Ep, O ,
b 0 0  —Ep

/Z PR —-1/2 0 0
3 md, 0 0 —1/2 0
—EDx O O E%X/ﬁ‘ )

0000 00 0 o0
1]00 10 1]01 0 o0 1)
J2l o1 0 0 J2l0o 0 —1 0

000 0 00 0 0

So in the /v, frame
x :WﬁK(ﬂ @ ion)
& P)= o\ /5, V2, "3 )

<e*pp>=a3@(%)2 . ' (38)

Then in the same sense of Ref. 10) we have that-for spin-2 final meson
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= J@MK [A(2) F2msKo(a?)], (392)

\/7 2::;35{— [<1_ i

TV A(@)+4EKa(a) ()

The relation of the form fctors f(g%), g(¢®) and a+(g% to ours is

Aa)= mTL:fX(y) : (40a)
g(qz)— ﬁ (), | (40b)
a(@P)=—F—— P~ ‘/7 {A+r)a*(y)—Q—rx)a X(y)} (40c)

Inserting Egs. (39a)~(40c) into Eq. (27) we get the function Wx(v, #x) for each
polarization (longitudinal and transverse) of spin-2 as in Table V.

We notice here that in the case of longitudinal component with spin-1 and -2 Dx
states the factor ¢”in Eq. (27) is cancelled by 1//4? in H, but in the case of transverse
component with Dx the factor ¢® remains so that only transverse components have the
factor (1—27xy+7?) as seen in Table V. Factor 1/,/4% of H, is due to the Lorentz

boost of
frame.

1)
2)

3)
4)
5)

6)
7
8)
9)

10)
11)

12)
13)
14

polarization vector or tensor from the rest frame of final meson to the /v,
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