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Exclusive semileptonic decays & mesons to orbitally excited mesons are considered beyond the
infinitely heavy quark limit in the framework of the relativistic quark model based on the quasipotential
approach. This model agrees with the structure of heavy quark mass corrections predicted by the heavy quark
effective theory and allows the determination of corresponding leading and subleading Isgur-Wise functions. It
is found that both relativistic and iy, contributions significantly influence the decay rates. Thus, relativistic
transformations of the meson wave functigigigner rotation of the light quark spiralready contribute at
leading order of heavy quark expansion and result in a suppressBr-@ger andB— D7 ev decay rates.

On the other hand, the vanishing of the decay matrix elements at zero recoil of ®fihaimeson in the
infinitely heavy quark mass limit makes theni corrections very important, and their account results in a
substantial enhancement Bf~D,ev andB— D§ev decay rates.

PACS numbe(s): 13.20.He, 12.39.Ki

[. INTRODUCTION degeneraté =3/2 states {"=1",2"),* and two degenerate
j=1/2 states (0,1%). The heavy quark symmetry also pre-
The investigation of semileptonic decays®imesons to dicts that the form factors foB—D** ev decays, where
excited D meson states is an important problem for heavyD** is a generid®-wave D meson staté,can be expressed
flavor physics. In particular, these decays can provide ain terms of two independent Isgur-Wise functidig. How-
additional source of information for the determination of theever, in the infinitely heavy quark limit the decay matrix
Cabibbo-Kobayashi-Maskawa matrix elem&ff, as well as  elements between B meson and an orbitally excited me-
on the relativistic quark dynamics inside heavy-light mesonsson vanish at zero recoil because of the heavy quark spin-
The experimental data on these decays are becoming avaflavor symmetry[5]. The kinematically allowed range for
able now[1-3], and theB factories will provide more accu- these decays is not broad. As a result the role of relativistic
rate and comprehensive data. It is necessary to note that eand finite heavy quark mass contributions not vanishing at
periment shows that only approximately 60% of thezero recoil is considerably more important here than in the
inclusive semileptoni® decay rate is due to the decays to decays to ground-state mesons. Thus, the magnitude of
ground-state pseudoscalBr and vectorD* mesons. Thus such corrections might be comparable with the leading-order
the rest of these decays should go to exciledheson and result.
continuum states. Recently the first-order fr, corrections to the exclusive
The presence of the heavy quark in the initial and finalsemileptonicB decays into excited charmed mesons were
meson states in these decays considerably simplifies theivestigated within the heavy quark effective theGHQET)
theoretical description. A good starting point for this analysis[6]. The structure of the filg corrections to decay matrix
is the infinitely heavy quark limitmg—oc [4]. In this limit ~ elements, which follows from QCD and heavy quark sym-
the heavy quark symmetry arises, which strongly reduces thmetry, was determined. It was found that at the first order of
number of independent weak form factdis]. The heavy heavy quark expansion th@—D,, B—Dg, and B—D}
quark mass and spin then decouple and all meson propertiesatrix elements do not vanish at zero recoil and can be ex-
are determined by light-quark degrees of freedom alone. As gressed at this kinematical point in terms of the leading
result the heavy quark degeneracy of energy levels emergelsgur-Wise functions. Away from the zero recoil point new
The spins, of the light quark couples with its orbital mo- subleading Isgur-Wise functions arise, which cannot be de-
mentuml| (j=I1=sg), resulting forP-wave mesons in two

IHere J=j=*1/2 is the total angular momentum, and the super-
*On leave of absence from the Russian Academy of SciencescriptP denotes the meson parity.
Scientific Council for Cybernetics, Vavilov Street 40, Mos- For concreteP-wave meson states the standard notatibns
cow 117333, Russia. D}, D}, andD§ are used.
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termined from symmetry considerations alone. Thus for their (D4(Vv',€)[cy ysh|B(v))
determination, additional model-dependent assumptions are =ifAsWBVe§vﬁv;,
necessary. In Ref6] an estimation of these functions, based \Mp, Mg

on the nonrelativistic quark model as well as on some addi-
tional assumptions, was made. It is just here that we can (DE‘(V',G)W%NB(V))
apply the relativistic quark model to get a more consistent :kAlG* ““Va+(kA2V”
calculation of relevant Isgur-Wise functions and decay rates. VMoj Ms

Our relativistic quark model is based on the quasipotential
approach in quantum field theory with a specific choice of
the quark-antiquark interaction potential. It provides a con-

+kA3v’“)e’;Bv“vﬁ,

sistent scheme for the calculation of all relativistic correc- (D3 (v',€)|cy*b|B(v)) paBy o ot
tions at a givenv?/c? order and allows for the heavy quark \/m =ikye " PTe vV v,
1/mq expansion. In preceding papers we applied this model b>"®

to the calculation of the mass spectra of orbitally and radially " ) s
excited states of heavy-light mesof#, as well as to a de- W}tlerliv(_v ) is the four-velocity of theB(D™*) meson,
scription of weak decays @& mesons to ground-state heavy (Ete(neso)) cliz;nggija”rﬁilgr? \;en(gotﬂgnfi(:zno:aggrgﬁ l\(/le;tr(;r

and light meson$8,9. The heavy quark expansion for the dimensionless functions @f=v-v'. The double differlential
ground-state heavy-to-heavy semileptonic transitipne] ecay rates expressed in terms of the form factors read as
has been found to be in agreement with model—independeq llows [5,6];

predictions of the HQET. We considered the exclusive semi- T

leptonic decays 0B mesons to orbitally exciteD mesons in d2
the infinitely heavy quark limit if11] and found the impor- "1
tant relativistic contribution to the leading Isgur-Wise func- dw dcosé
tions arising from the relativistic transformation of the me-

son wave function.

I'p,

=3lor VW= 1{sin? 6[ (w—r)fy +(Ww>~1)

X (fy,+rify )12+ (1=2rw+rd)

The paper is organized as follows. In Sec. Il we briefly X[(1+cog O)[f2 +(w2—1)f2]
present the necessary HQET results on tBe-D** !
transition-matrix elements obtained in RE§]. In Sec. Il we — 4 coPHJwWi— ]_fVlfA]},

describe our relativistic quark model, putting special empha-
sis on the calculation of decay matrix elements and on the d2T s
relativistic transformation of a meson wave function from 2 _ EF r3(w2—1)3’2[ fsinz o[ (W—r )k

. o2 2)0A
the rest reference frame to the moving one. The heavy quarkdw dcosf 2 3 1
expansion for decay matrix elements is carried out up to the
first order 1img corrections and compared to model indepen-
dent HQET predict?ons in Secs. IV_—VI. There.we present X[ (14 cog 0)[kf\ +(w2—1)k\2,]
our results for leading and subleading Isgur-Wise functions 1
and compare predictions for decay rates with and without the
1/mq corrections being taken into account. Taking account —4 cosex/wz—lkAlkV]}, (2
of 1/mq corrections leads to a substantial enhancement of
B—D;ev and BHDgey decay rgtgs and gives petter agree- v ore FO:G|2:|Vcb|2mg/(192773)v fi=Mp /Mg, Ty
ment between theoretical predictions and available experi- X 1
mental data. We also present the electron spectra for the Moj/Ms, and ¢ is the angle between the charged lepton
considered decays and test the fulfillment of the Bjorken sunand the charmed meson in the rest frame of the virtifal
rule. Section VII contains our conclusions. boson.

The main predictions of HQET for the structure of the
B—D;ev form factors are as followgs]:

+ (W2 = 1) (Ka, +T2Kn )12+ (1= 2rw+ ra)

Il. HQET RESULTS FOR DECAY MATRIX ELEMENTS o
A. B—D,ev and B—Dj}er decays V6fa=—(W+1)7—ep{(W—D)[(A’+A)7—(2w+1) 7y
The matrix elements of the vector and axial-vector cur- — 7]+ (W+1) b —e[4(WA' = A)7—3(W—1)
rents betweerB mesons and, or D5 mesons can be pa-
. : : X(mp— 1)+ (w+1 —27,—3 ,
rametrized in the following way: (717 72) V(Mhe=2m=373)]

(D1(v',€)[cy"b|B(v)) VBfy, =(1-wW?) r—sn(W = D[ (A" +A)7—(2w+1) 7y
:fVlE*M+(fV2VM+fv3V,M) o o
VMo, Mg — 1ot ] — e AW+ 1) (WA —A) 7— (W2—1)
X(€*-v), ()] X(37,= 37— met 211+ 373) ],
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\/Efvz= —37— 38b[(K,+K)T—(2W+ 1)7i— 7o+ 7]

—e(Aw—1)71+ 57+ 37t 10, +4(W—1) 7,
—573],

V6fy,=(W—2)7+g5{(2+W)[(A'+A) 7= (2w+1) 7

— 1] (2= W) g} + e [AWA = A) 7+ (2+W) 7y
+(2+3W) 1o+ (W—2) ppe— 2(6+W) 7, — 4(W

—1) 72— (3Ww—2) 93], ()
where eq=1/(2mg) and A(A")=M(M’)—mq is the dif-
ference between the heavy ground-staiebitally excited
meson and heavy quark masses in the limg—c«. The
form factor 7 is the leading-order Isgur-Wise function {s
V3 times the functionrz, of Refs.[5,11]). The subleading
Isgur-Wise functions; and 7, originate from the Ihg cor-
rections to theb— c flavor-changing current, whiley,, and

n; form factors result from kinetic energy and chromomag-

netic corrections to the HQET Lagrangian.
The analogous formulas f&@— D% ev have the forn{6]

ky=—7—gp[(A'+A)7— (2W+ 1) 7,— 75+ 7]

—&c(T1— T2t e 2711 7M3),

Ka,= = (1+wW) 7= gp{(W—1)[(A"+A) 7= (2w+1) 7~ 7]
T (1+w) ot —e[(W—1)(7,—72)

+(WH+1)(7e= 271+ 13) ],
Ka, = —2ec(m1+ 72),

kA3= T+ 8b[(X,+/T)T—(2W+ 1)7— 7+ mp]

—e( T+ To— Met 271 —27m2— 73). (4)

B. B—Dger and B—D7evr decays

PHYSICAL REVIEW D 61 014016

(DI(V',e)[cy yshb|B(v))

\/mDImB

where the form factorg; are functions ofw. In terms of
these form factors the double differential decay ratesBfor

—D%ev, and B—D?*ev, decays can be expressed in the
following way [6]:

©)

— o * ’
=igasPrervpy),

d2T o
dw doosg 3 ors® (W= 1)%2si o[(1+r8)g.
—(1-rg)g-1%
d’Tp»

—1: *3 — . ok 2
dwdcosg Srofi VW Usir? o[ (w—rT)gy, +(w?~1)

X(Qy, +11gv,) P+ (1-2riw+r}?
X[(1+coS 0)[ g5, +(W?—1)g3]

—4 cosf\\w?— 19y, gal}, (6)
where T o= G2|V,,|?m3/(19273), rg=mpx/mg and ri
= mDI /mB .

The HQET predictions for the form factors of the decay
B—Dgev are given by[6]

WA* — A
2(w— 1)(1—3§W

g+=¢&¢

A*(2Ww+1)— A(w+2)
~ b w+1

{—2(w— 1)51},

g-={texetbxi—2(W+1)x2]+epxp- (7)

The analogous formulas for the decy-D7 ev are as fol-
lows:

The matrix elements of the vector and axial currents be-

tweenB mesons andg or D} mesons can be parametrized

as follows:

(DE(v")|cy*b|B(v))=0,

(D5 (v")|cy*ysb|B(v)) _

A/ Mp*M
Do B

(DI(v",0)lcy"b|B(v))

ﬂmDImB

g+ (VA+V H)+g_(vi—v'H),

O, € “+(Qy, v+ 0y, v'*)

X (€*-v),

K*

ga={+ec {+ Xke=2X1

w+1

{=2(w=1)41—xp

A*(2w+1)—A(w+2)
~ b w+1

Ov,=(W—1){+ e (WA* = A){+(W—1)(Xie— 2x1)]
—ep{[A*(2W+1)—A(W+2)]{—2(WP—1){4

—(W—=1) xp},

9v,=28¢({1— x2), ®
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— .

where a5 is the QCD coupling constanD ,, is the gluon
propagator in the Coulomb gauge, akép—q; y, and
u(p) are the Dirac matrices and spinors

. v [€(p)+m ! \
ut(p)= “2e(p) P |x (13

The form factor{ is the leading order Isgur-Wise functiod ( e(p)+m
is twice the functionry,, of Refs.[5,11]). The subleading | )
Isgur-Wise functior; originates from the b, corrections with e(p) = yp“+m*. The effective long-range vector vertex
to theb—c flavor-changing current, whilg,, and y; form IS given by
factors result from kinetic energy and chromomagnetic cor- i«
rections to the HQET Lagrangian. L (K)=y,+ 5=0,,k" (14)
In the following sections we apply the relativistic quark 2m

mgdel to the calculation of leading and subleading ISgur'\/vherek is the Pauli interaction constant characterizing the
Wise functions.

anomalous chromomagnetic moment of quarks. Vector and
scalar confining potentials in the nonrelativistic limit reduce

Ov,= {8 {201+ xe™2X11 2X2

w+1

A*(2w+1)— A(W+2)
w+1

tep {=2(w=1&1—xp

IIl. RELATIVISTIC QUARK MODEL

to

In the quasipotential approach, a meson is described by v o s -~
the wave function of the bound quark-antiquark state, which ~ Veon )= (1=8)(ATHB),  Veu(r)=e(Ar+B), 15
satisfies the quasipotential equatid?] of the Schradinger
type[13]: reproducing

b%(M)  p? ) f d’q Veon(1)=VS (N +VY (r)=Ar+B (16)

L \I, — V , ,M \I} , con con con '
( 2in 2pm m(P) IE (P.g;M)¥y(q)

9) whereeg is the mixing coefficient.

The quasipotential for the heavy quarkonia, expanded in
where the relativistic reduced mass is v?/c?, can be found in Refs[14,15 and for heavy-light
mesons in[7]. All the parameters of our model, such as
quark masses, parameters of the linear confining potential,
mixing coefficiente, and anomalous chromomagnetic quark
momentk, were fixed from the analysis of heavy quarkonia
Herem,  are the masses of light and heavy quarks, el  masseq14] and radiative decaygl6]. The quark masses
their relative momentum. In the center-of-mass system then,=4.88 GeV,m,=1.55 GeV,m;=0.50 GeV,m, 4=0.33
relative momentum squared on mass shell reads Ge& and the parameters of the linear potenfia+0.18

2 2 2 _ 2 GeV andB=—0.30 GeV have the usual quark model val-
[M7= (Mg mo)"J[M™~ (Mg ~ M) ]_ (11)  ues. In Ref[10] we have considered the expansion of the the
am? matrix elements of weak heavy quark currents between pseu-
doscalar and vector meson states up to the second-order in
The kernelV(p,q;M) in Eq. (9) is the quasipotential op- inverse powers of the heavy quark masses. It has been found
erator of the quark-antiquark interaction. It is constructedthat the general structure of the leading, first, and second
with the help of the off-mass-shell scattering amplitude, pro-order 1Mmg corrections in our relativistic model is in accord
jected onto the positive energy states. An important role irwith the predictions of HQET. The heavy quark symmetry
this construction is played by the Lorentz structure of theand QCD impose rigid constraints on the parameters of the
confining quark-antiquark interaction in the meson. In con-long-range potential in our model. The analysis of the first-
structing the quasipotential of the quark-antiquark interactiororder correction§10] allowed us to fix the value of the Pauli
we have assumed that the effective interaction is the sum ahteraction constant= — 1. The same value of was found
the usual one-gluon exchange term and the mixture of vectgsreviously from the fine splitting of heavy quarkoni® ;-
and scalar linear confining potentials. The quasipotential istateq14].> Note that the long-range chromomagnetic spin-

M (rE-mp?

MR 4M3 (10)

b?(M)=

then defined by14] independent interaction in our model is proportional to (1
_ + k) and thus vanishes fok=—1 in agreement with the
V(p,g;M)=Uug(p)ug(—p)V(p,q;M)ug(q)ug(—a) flux tube mode[18]. The value of the mixing parameter of

- = 4
= Uq(p)UQ( - p)(gaSD,uv(k) 757’6
3It has been known for a long time that the correct reproduction of

the spin-dependent part of the quark-antiquark interaction requires
+V¥onf(k)FgFQ;M+V§onf(k)] Ug(@)Ug(—d), either assuming the scalar confinement or equivalently introducing
the Pauli interaction withc=—1 [17,14,13 in the vector confine-
(12 ment.
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w w D W
(
b c b () c
——

b C ! *k ! *¥
B D B ! D B : D
_ _ 7— o+ 4 i— o« 7
q q

. o FIG. 2. Vertex function'? taking the quark interaction into
FIG. 1. Lowest-order vertex functiofi(*) contributing to the account. Dashed lines correspond to the effective potem@[

current matrix elementlg). Bold lines denote the negative-energy part of the quark propagator.
vector and scalar confining potentialss — 1 has been found e(p)—[My°+y°(1)]
from the analysis of the second-order correctiph@]. This AT (p)=
. : i i 2€(p)
value is very close to the one determined from radiative de
cays of heavy quarkoniL6]. Here[19]

In order to calculate the exclusive semileptonic decay rate

of the B meson, it is necessary to determine the correspond- Poxs 3
ing matrix element of the weak current between meson Pe,q= €c,q(P) 2 3 nO(ppu)p,
states. In the quasipotential approach, the matrix element of Mpsx =1

the weak currendV=cy,,(1— y°)b between & meson and

3
an orbitally excitedD** meson takes the forifil9 p ; ;
Y 9] Qb,qzeb,q(q)M_BBizl n®(pg)d',

d®pdiq
(2m)®

(D** |JYLV(0)|B>:J' W pex ()T ,(P,9) W(0), andn‘" are three four vectors given by
(17) _ p pip}
nOr(p)=1{ =, 8+ ——=—I, E={p’+MZ.
where T",(p,q) is the two-particle vertex function and M M(E+M)

Vg px« are the meson wave functions projected onto the The wave function of aP-wave D** meson at rest is

positive energy states of quarks and boosted to the movingiven b
reference frame. The contributions focome from Figs. 1 y
and 2% In the heavy quark limitn, .—o only I'™) contrib- v — M (5= My, 20
utes, whileI'?) contributes at Ihg order. They are orx (PY=W) (P) =V 0G)(P). 20
L _ whereJ andM are the total meson angular momentum and
T (p,a) = uc(Pe) 7. (1= ¥*) up(0b) (27)28(pg—dg), its projection, whilgj is the light quark angular momentum;

(18 ¥p((p) is the radial part of the wave function, which has
been determined by the numerical solution of E.in [7].

and The spin-angular momentum pajt]™ has the following
O form:
L AS (k)
r'p,g)=u u 1—nBy— P 7
U'Q(Tq

X yQV(Pg— Ug) + V(Pg—dg)

1 0
Ag—)(k/) o X<1M_O'Q_0'q,§0'qJM_O'Q>
X QY
ec(k’)+ €c(ap) XYlM_UQ_UqXQ(UQ)Xq(O'q)- (21)
X(1— ySQ)] Up(Qp) Ug(dg), (199  Here{jimy,j,m,|IM) are Clebsch-Gordan coefficients
are spherical harmonics, angd(o) (where o=*1/2) are

) ) spin-wave functions:
where the superscripts()” and “ (2)” correspond to Figs.

1 and 2,Q=c or b, k=p.—A; k'=qp,+A; A=pp** 1 0
g e(p)=(mP+pd)Y2 ¢ x(12=|g|, x(-12=|,].

It is important to note that the wave functions entering the
“The contributionl’® is the consequence of the projection onto weak current matrix elemefi17) are not in the rest frame in
the positive-energy states. Note that the form of the relativistic corgeneral. For example, in tH8 meson rest frame, thB**
rections resulting from the vertex functidif? is explicitly depen-  meson is moving with the recoil momentutxa The wave
dent on the Lorentz structure of tigy interaction. function of the movingD** mesonW¥«« 5 IS connected
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with the D** wave function in the rest framaVp«,  Model-independent predictions of HQEGiven by Eqs(3),

=Wy, by the transformatiofi19] (4), (7), and(8). We get the following expressions for lead-
: ing and subleading Isgur-Wise functions:
Wpee a(P)=DAR)DFARY ) Wps o(p), (22 (i) B—D,ev andB— D3 ev decays
whereR" is the Wigner rotation], is the Lorentz boost 2 1
from the meson rest frame to a moving one, and the rotation 7(w)= \/;—3/2
matrix DY4(R) in spinor representation is given by (w+1)
10 12, 5W X f _d3p o + —ZEq A
(0 1) DIA(RY) =S (pc)S(A)S(p), (23 (2P| PTG W 1)
where <l _o ;+ p ) (24)
eqap €qt My Ye(p),
e(p)+m( ap
S(p)= 1+
2m |7 e(p)+m T
is the usual Lorentz transformation matrix of the four spinor. (W)= w+1 (W), (25)
For electroweakB-meson decays t&wave final mesons
such a transformation contributes at the first order of the W
1/mq expansion, while for the decays to excited final mesons To(W)=— ——(A'+A)7(W). (26)
it gives a contribution already to the leading term due to the w1

orthogonality of the initial and final meson wave functions.
(i) B—~D§ev andB— D7 ev decays
IV. LEADING AND SUBLEADING ISGUR-WISE
FUNCTIONS \/E 1

Now we can perform the heavy quark expansion for the fw)= 3

matrix elements oB decays to orbitally excite® mesons in
the framework of our model and determine leading and sub- dp — 2¢
leading Isgur-Wise functions. We substitute the vertex func- f —3%(1/2)(

tionsT') andT"® given by Eqgs(18) and(19) in the decay (2m)
matrix elemen{17) and take into account the wave function

(w+1)Y2

q
TR
P Mpz(W+1) )

-«

2p

properties(20—(22).°> The resulting structure of this matrix X| —2€q7—————|¥s(p), (27
element is rather complicated, because it is necessary to in- Ip  €qt Mg

tegrate both oved®p andd3q. The & function in expression

(18) permits us to perform one of these integrations and thus A*+A

this contribution can be easily calculated. The calculation of {1(w) = Z(w). (28

the vertex functiod (@ contribution is more difficult. Here, w1

instead of ad function, we have a complicated structure, o _
containing theQq interaction potential in the meson. How- Thg contrlbut|odns of all other :T‘ubleadmg form facto;w(,;v)b
ever, we can expand this contribution in inverse powers oftNd Xi(W), to decay matrix elements are suppressed by an

heavy ,c) quark masses and then use the quasipotentiaﬂdditional power of the ratiof—1)/(w+1), which is equal

_ _ 2
equation in order to perform one of the integrations in thel© Z6ro atw=1 and less than 1/6 alima=(1+r7)/(2r)
, orry, respectively. Since the main contri-

current matrix element. We carry out the heavy quark expant’ ="1:72:70
sion up to first order in Mg It is easy to see that the vertex bution to the decay rate comes from the values of form fac-

function T ® contributes already at the subleading order oftrS close tow=1, these form factors turn out to be unim-

the 1img expansion. Then we compare the arising decayportant. This result is in agreement with the HQET-

matrix elements with the form factor decompositigtisand motiyated consideratiorj§] that the functions pargmetrizing
(5) and determine the corresponding form factors. We findn€ time-ordered products of the chromomagnetic term in the
that, for the chosen values of our model parame(tées mix- HQET Lagrangian with the leading-order currents should be

ing coefficient of vector and scalar confining potengat ~ Small-
—1 and the Pauli constart=— 1), the resulting structure at
leading and subleading order inni4 coincides with the

8In particular we note that at the zero recoil poiv 1, the scalar
potential gives no contribution to the decay matrix elements and the
correct reproduction of HQET relations is provided by the contri-
bution of the vector potential and crucially depends on the specific
choice ofe=—1.

Note that the quark model definition &DI(UZ) in Egs. (20),
(21) differs from the HQET on¢5,6] by an overall minus sign.
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TABLE |. The comparison of our results for the values of the 0.6
leading Isgur-Wise functions and{ at zero recoil of the finaD**
meson and their slopeﬁ with other predictions. 0557
0.5
Ours [6] [22] [23] [24] [21], [25] [21], [26]
(1) 0.85 0.71 097 1.14 1.02 0.90 0457
p3, 182 15 23 1.9 15 1.45 041
{(1) 059 0.82 0.18 0.82 0.700.16 0.44 0.12 ~
p?, 137 1.0 11 14 2510  0.83 0.73 0351
0.3
The arrow overd/dp in Egs.(24) and (27) indicates that 0.254
the derivative acts on the wave function of th&* meson. | 1 2 13 L4
All the wave functions and meson masses have been ob- w

tained in[7] by the numerical solution of the quasipotential . .
. . FIG. 4. | -Wise funct d
equation. We use the following values for HQET parameters; sgur-Wise functiong(w) (upper curvé and £,(w)

= - — (lower curvg for the B—Dg .ev decay.
A=0.51 GeV,A’'=0.80 GeV, and\* =0.89 GeV/[7].
The last terms in the square brackets of the expressions

3
for the leading-order Isgur-Wise functioméw) Eq. (24) and Ll) — @E Ef d_pZD** (p) P Ya(p),
{(w) Eq. (27) result from the wave-function transformation V3 2 2) (2m)?® €qT Mg

(22) associated with the relativistic rotation of the light quark (30

spin (Wigner rotation in passing to the moving reference ) ) )
frame. These terms are numerically important and lead to thebtained by assumingp s/»)= /p(1/2)= ¥p+= . The relation
suppression of thé form factor compared te. Note thatif (30 coincides with the one found in Reff21], where the
we had applied a simplified nonrelativistic quark modelWigner rotation was also taken into account.

[5,20] these important contributions would be missing. Ne-

glecting further the small difference between the wave func- V. NUMERICAL RESULTS AND PREDICTIONS

tions ¢p(1/2) and ¥p (i), the following relation between

and ¢ would have been obtaind6: In Table | we present our numerical results for the

leading-order Isgur-Wise functions(1) and (1) at zero

recoil of the finalD** meson, as well as their slopg$,

=~ (Un)(3ldw) 7ly,=1 and p3,= — (1/)(9/ W) {Jy—1, in

L(w)= 7(W). (299  comparison with other model predictiof$,21-26. We see

V3 that most of the above approaches predict close values for

the function7(1) and its slopmé,z, while the results for
£(1) significantly differ from one another. This difference is

However, we see that this relation is violated if the relativ-a consequence of a specific treatment of the relativistic quark

istic transformation properties of the wave function are takeryynamics.  Nonrelativistic approaches  predict(1)

into account. At the pointv=1, where the initialB meson  ~(2/,/3)7(1) [see Eq(29)], while the relativistic treatment

w+1

and finalD** are at rest, we find instead the relation leads to (2{/3)7(1)>¢(1) [see Eq(30)]. The more relativ-
1
0.8
0.8 7
0.6’ 06’
0.4 \ 041
0.21 0.21
0 0]
0.2
0.2 1
041
-0.4 ‘/// 0.6 ////’//
0.6 ‘ ‘ . ‘ ; .
1 1.1 1.2 1.3 1.4 1 1.1 12 1.3 1.4
w w
FIG. 3. Isgur-Wise functions(w) (upper curvg 7;(w) (middle FIG. 5. Isgur-Wise functions(w) (upper curvg 7;(w) (middle
curve), and,(w) (lower curve for the B—D, jev decay. curve, and7(w) (lower curve for the Bs— Dy, ,ev decay.
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TABLE Il. Decay ratesl” (in units of |V,,/0.042x 10" 1> GeV) and branching ratios BRn %) for B
—D** ev decays in the infinitely heavy quark mass limit and taking account of first-ordgy ¢érrections.
Ris a ratio of branching ratios taking account ofngy/ corrections to branching ratios in the infinitely heavy
quark mass limit.

Mg— With 1/mq Experiment
Decay r Br r Br R Br (CLEO) [1] Br (ALEPH) [2]
B—D;ev 14 0.32 2.7 0.63 1.97  0.560.13+0.08+0.04 0.74-0.16
B—D%ev 2.1 0.51 25 0.59 1.16 <0.8 <0.2

B—Djev 0.31 0.073 0.39 0.09 1.23
B—Dgev 0.25 0.061 0.59 0.14 2.3

istic the light quark in the heavy-light meson, the more sup-which receive nonvanishing contributions from first-order

pressed is with respect tar. We plot our results for leading heavy quark mass corrections. From E(®, (7), and (8)

[7(w), {(w)] and subleading=(w), 7o(w), {1(w)] Isgur-  one can find 6]

Wise functions forB—D** ev in Figs. 3, 4 and forBs o

—D* ev in Figs. 5, 6. V6fy (1)=—8z4(A'—A)7(1), (31)
We can now calculate the decay branching ratios by inte-

grating double differential decay rates in E@8) and (6). 3 o

Our results for decay rates both in the infinitely heavy-quark g.(1)y=— §(8°+ ep)(A*—=A)(D), (32

limit and taking into account the first-ordemi4 corrections

as well as their ratio

Ov,(1)=(8c—3ep)(A* = A){(1). (33)

Br(B—D** ev)im Vmg

Since the kinematically allowed range for these decays is not
Br(B—D** ev) .o broad (I=w=w;~1.32), the contribution to the decay
Q rate of the rather small iy corrections is substantially in-
creased[6]. This is confirmed by numerical calculations.
are presented in Tables Il and Ill. We see that the inclusiofFrom Tables Il and Il we see that the decay rdde
of 1/mq corrections considerably influences the results and_, p% ey, for which all contributions vanish at zero recoil, is
for some decays their contribution is as important as thynly slightly increased by subleadingni4 corrections. On
leading-order contribution. This is the consequence of thng gther handB— D,ev andB— D ev decay rates receive
vanishing of the leading-order contribution to the decay maj,qe 1Mmg contributions. The situation is different for the
trix eIemepts due to the heavy quark spln_-flavor symmetry aE—>D’{ev decay. Here the My contribution at zero recoil
zero recoil of the finaD*™* meson[6], while nothing pre- is not equal to zero, but it is suppressed by a very small
vents 1ig corrections to contribute to the decay matrix el- ¢ . (ec—35y) [se;a Eq.(33)], which is only ~0.015
C . l .

ement at this kinematical point. In fact, from Ed&) anq GeV'! for our model parameters. As a result i
(5), we see that decay matrix elements at zero recoil are

: — D7 ev decay rate receivesr, contributions comparable
determined by the form factofs/,(1), 9+(1), andgy, (1), to those for theB— D3 ev rate. The above discussion shows

081 that the sharp increase Bf—~D,ev andB—Dj decay rates

by first-order g corrections does not signal the break-

0.7 TABLE lIl. Decay ratesl” (in units of|V,/0.04?x 10" 1° GeV)
and branching ratios BRn %) for B—D%* ev decays in the infi-
nitely heavy quark mass limit and taking account of first-order

0.6 1/mq correctionsR is a ratio of branching ratios taking account of
1/mq corrections to branching ratios in the infinitely heavy quark
mass limit.

0.5

0.4 1 \ Decay r Br r Br R
B—Dgev 15 0.36 45 1.06 2.9

1 1.1 1W2 1.3 1.4 B—D%ev 2.4 0.56 3.2 0.75 1.3

B—D%ev 0.53 0.13 0.77 0.18 1.4

FIG. 6. Isgur-Wise functiong(w) (upper curve and £;(w) B—DXev 0.44 0.10 1.6 0.37 3.6

(lower curve for the Bs— D}, .ev decay.
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TABLE IV. Predictions for ratios of decay raté&—D3ev, B present only upper limits, which require the use of some
—Dgev, andB—D7ev to the rateB— D, ev in themg—< limit  additional assumptions about the hadronic branching ratios
and taking account of fil, corrections. In the last line we show our ¢ the D% meson. Our result for the branching ratio of the
g:gg:lf'ozicfg dtgi*smso;nt;ranchmg ratida %) of B decays o g_,p o, decay with the inclusion of i, corrections is in

y ' good agreement with both measurements. On the other hand,

A With 1img our branching ratio for th— D3 ev decay is only within
the CLEO upper limit and disagrees with the ALEPH one.
Br(B—Dj3ev)/Br(B—D,ev) 1.59 0.94 However, there are some reasons to expect that the ALEPH
Br(B—Dgev)/Br(B—D,ev) 0.19 0.22 bound is too strongs6].
Br(B—D7ev)/Br(B—D,ev) 0.23 0.14 In Table IV we present our predictions for the ratios of
SBr(B—D** ev)/Br(B—Dev) 3.0 2.3 decay rate8—D3ev, B—~Dgjer, B—DJjer, and of the
SBr(B—D** ev) 0.96 1.45 sum of allB—D** ev decay rates to the ra— D,ev both

in the limit mg—oc, and taking into account therhj cor-
rections. It is reasonable to consider such ratios in order to
down of the heavy quark expansion, but is rather a result ofiormalize to a measured rate. In Rgf1] it is argued that a
the interplay of kinematical and dynamical effects. Thus weratio Br(B— D%} ev)/Br(B—D,ev)=1.55+0.15 is a mere
have good reasons to expect that higher-ordergléorrec-  consequence of the heavy quark symmetry. In the heavy
tions will influence these decay rates at the level of 10—-20%gquark limit we confirm this result. However, the inclusion of
In Table Il we present the experimental data from CLEOl/mQ corrections strongly influences this prediction and con-
[1] and ALEPH [2], which are available only for th®&  siderably reduces this ratio to a value close to 1. Such a
—D,ev decay. ForB—Djevr, these experimental groups reduction seems to be favored by available experimental

(a) B — Djev (¢) B — Dyev
0.04
0.008 |
0.031
0.006 -
0.02 1
0.004 -
— 0.011
0- ol
*
(b) B — Diev (d) B — Djev
0.035 1
0.005
003
0.004 0.025 1
0.003 0.024
0.015 1
0.002 1
0.011
00017 0.005
0- ol

01 02 03 04 05 06 07

FIG. 7. Electron spectra (Il4)(dl'/d y) for the B—D** er decays. Dashed curves show timg— oo limit, solid curves include
first-order 1ing corrections.
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data. In the last row of Table IV we give the sum of Bll

PHYSICAL REVIEW D61 014016

Thus, the Wigner rotation of the light quark spin gives a

—D** ev branching ratios. We see that our model predictssignificant contribution already at the leading order of the
that 1.45% oB meson decays go to the first orbitally excited heavy quark expansion. This contribution considerably re-
D meson states. This result means that approximately 2.5%uces the leading-order Isgur-Wise functiowith respect to

of B decays should go to higher excitations.
In Fig. 7 we plot the electron spectra ['})(dI'/dy) for

7. As a result, in this limit, the decay rat&—Dger and
B— D7 ev are approximately an order of magnitude smaller

B—D™* ev decays. Herg/=2E./mg is the rescaled lepton than the decay rate8— D,er andB— D} ev. On the other
energy. These differential decay rates can be easily obtaingénd, inclusion of the first-order iy, corrections also sub-

from double differential decay ratdg), (6), using the rela-

tion y=1—rw—rw?—1cosf and then integrating iw
over [(1—y)?+r2)/[2r(1-y)]<w<(1+r?)/(2r). We
present our results both in the heavy quark limmg—
(dashed curvesand with the inclusion of first-order 1hg
corrections(solid curves.

VI. BJORKEN SUM RULE

Finally, we test the fulfilment of the Bjorken sum rule

[27] in our model. This sum rule states

1 (m) 1 2 (m) 1 2
474 g

> (34

stantially influences the decay rates. This large effect of sub-
leading heavy quark corrections is a consequence of the van-
ishing of the leading-order contributions to the decay matrix
elements due to heavy quark spin-flavor symmetry at the
point of zero recoil of the final charmed meson. However,
the subleading-order contributions tB8—D;ev, B
—Dgev, andB—D7ev do not vanish at this kinematical
point. Since the kinematical range for these decays is rather
small, the role of these corrections is considerably increased.
Their account results in an approximately twofold enhance-
ment of theB—D,ev andB— Dgev decay rates, while the
B—D}ev andB—D7ev rates are increased only slightly.
The small influence of Mg corrections on th8—D7ev
decay rate is the consequence of the additional interplay of

wherep? is the slope of th&— D *)ev Isgur-Wise function, ~1/m; and 1, corrections at the zero recoil poifgee Eq.

™ and #™ are the form factors describing the orbitally (33)]. We thus see that these subleading heavy quark correc-
excited states discussed here and their radial excitations, ati@ns turn out to be very important and considerably change
ellipses denote contributions from nonresonant channels. W&e infinitely heavy quark limit results. For example, the ratio
see that the contribution of the lowest lyifiywave states of branching ratios BiB—D3ev)/Br(B—D,ev) changes

implies the bound
|7(D)[?

1 [Zf?
2.~ =
p >4+ 7 +2 3 0.81,

(39

which is in agreement with the slopé=1.02 in our model

[10] and with experimental valud&8].

VII. CONCLUSIONS

from the value of about 1.6 in the heavy quark limitg
—o, to the value of about 1 after subleading corrections are
included.

In conclusion, we have presented here the first self-
consistent dynamical calculation of subleading heavy quark
corrections in the framework of the relativistic quark model,
which are found to be in agreement with the HQET predic-
tions.
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