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Exclusive semileptoni® decays to radially excited charmed mesons are investigated at the first order of
heavy quark expansion. The arising leading and subleading Isgur-Wise functions are calculated in the frame-
work of the relativistic quark model. It is found that therly corrections play an important role and substan-
tially modify the results. An interesting interplay between different corrections is found. As a result the
branching ratio for theB—D'ev decay is essentially increased bym}y corrections, while the one fds
—D*'ev is only slightly influenced by them.

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

[. INTRODUCTION thogonality of radial parts of wave functions, while for the
decays to orbital excitations this is the consequence of or-
The investigation of semileptonic decaysB®imesons to thogonality of their angular parts. However, some of the
excited charmed mesons represents a task interesting boiim, corrections to these decay matrix elements can give
from the experimental and theoretical points of view. Thenonzero contributions at zero recoil. As a result the role of
current experimental data on the semileptoBiclecays to these corrections could be considerably enhanced, since the
the ground statd® mesons indicate that a substantial partkinematical range foB decays to excited states is a rather
(=~40%) of the inclusive semileptoni® decays should goto small region around zero recoil. Recent calculations of semi-
excitedD meson states. The first experimental data on som&ptonicB decays to orbitally excitedR-wave) charmed me-
exclusiveB decay channels to excited charmed mesons arsons with the account of theri}, corrections support this
becoming available nojl—3] and more data are expected in observation6,7]. Our calculationg 7] in the framework of
near future. Thus the comprehensive theoretical study athe relativistic quark model show that some rateB diecays
these decays is necessary. The presence of the heavy quaokorbitally excited charmed mesons receive contributions
in the initial and final meson states in these decays considrom first order Iing corrections approximately of the same
erably simplifies their theoretical description. A good start-value as a leading order contribution. In this paper we extend
ing point for this analysis is the infinitely heavy quark limit, our analysis tdB decays to radially excite® mesons.
mo— [4]. In this limit the heavy quark symmetry arises,  Our relativistic quark model is based on the quasipotential
which strongly reduces the number of independent wealapproach in quantum field theory with a specific choice of
form factors[5]. The heavy quark mass and spin then de-the quark-antiquark interaction potential. It provides a con-
couple and all meson properties are determined by lightsistent scheme for the calculation of all relativistic correc-
quark degrees of freedom alone. This leads to a considerabii®ns at a giverv?/c? order and allows for the heavy quark
reduction of the number of independent form factors whichl/mg, expansion. In preceding papers we applied this model
are necessary for the description of heavy-to-heavy semilefie the calculation of the mass spectra of orbitally and radially
tonic decays. For example, in this limit only one form factor excited states of heavy-light mesdrd, as well as to a de-
is necessary for the semileptoriicdecay toSwaveD me-  scription of weak decays d& mesons to ground state heavy
sons (both for the ground state and its radial excitations and light meson$9,10]. The heavy quark expansion for the
while the decays t® states require two form factof5]. Itis  ground state heavy-to-heavy semileptonic transitifhs]
important to note that the heavy quark symmetry requiresas been found to be in agreement with model-independent
that in the infinitely heavy quark limit matrix elements be- predictions of the heavy quark effective thed®yQET).
tween aB meson and an excited meson should vanish at  The paper is organized as follows. In Sec. Il we carry out
the point of zero recoil of the final excited charmed meson inthe heavy quark expansion for the weak decay matrix ele-
the rest frame of thé meson. In the case d@ decays to ments between B meson and radially excited charmed me-
radially excited charmed mesons this is the result of the orson states up to the first order inig using HQET. In our
analysis we follow HQET derivations for the matrix ele-
ments between ground stafd,13 and for the matrix ele-
*On leave of absence from the Russian Academy of Sciencesnent between & meson and orbitally excited charmed me-
Scientific Council for Cybernetics, Vavilov Street 40, Moscow son[6], as well as a general analysis of these matrix elements
117333, Russia. in Ref. [14]. In Sec. lll we describe our relativistic quark
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model. The heavy quark expansion for decay matrix ele- (D’(v’)|€y“b'y5|B(v))=O,
ments is then carried out up to the first ordemgd/correc-
tions and compared to the model-independent HQET results
in Secs. IV and V. We determine the leading and subleadin X100 N[
Isgur-Wise functions and give our predic?ions for decayg (D*'(v",)|cy*b[B(v))
branching ratios in the heavy quark limit and with the ac- VMpx Mg

count of 1mq corrections. The electron spectra for the con-

sidered decays are also presented. Section VI contains our

=i pafy x 1
ihye €U,

conclusions. D*'(v’,€)[cy*ysb|B(v)
< " sbl >:hA (W+1)e*m
VMps Mg !
Il. DECAY MATRIX ELEMENTS AND THE HEAVY
UARK EXPANSION _ P (K
Q (hav*+ha v ) (€ -v),
The matrix elements of the vector currenl)f(: cy,b) (1)

and axial vector currenUCz?y#yg,b) betweenB and radi-
ally excitedD’ or D*’ mesons can be parametrized by six

AN _ H (x)r
hadronic form factors: wherev (v') is the four-velocity of theB(D'*’’) meson,e*

is a polarization vector of the final vector charmed meson,

(v’)|€y“b|B(v)> and the form factord; are dimensionless functions of the
=h,(v+v")*+h_(v—v")*, product of velocitiesv=v -v'. The double differential decay
VMp: Mg rates expressed in terms of the form factors are
0Tor g, r3(w?—1)%%sirfg[ (1+1)h, —(1—r)h_]
dwd cosé 0 * -
dzrD*/

— 3 hn2__ H _ 2 2 . 2
dwdcosg  SLortTNw YsinP oL (w—r*)hp +(W?—1)(hp,+1%hy )]7+(1—2r*w+r*?)

X[(1+ COSZG)[hE\l'F (W2—1)hZ]—4 cosfw?— 1ha hyI, 2

where T'o=G2|V¢|?m3/(1927°%), r=mp,/mg, r* of the weak current between the ground and radially excited
=mp«, /Mg, andé is the angle between the charged leptonstates destroyed by the fieldskh, andH, , respectively, are
and the charmed meson in the rest frame of the virtifal given by
boson.

Now we expand the form factors in powers of Iing up cTb—h9Th®) = & (w)Tr{H!,TH,}, (4)
to first order and relate the coefficients in this expansion to
universal Isgur-Wise functions. This is achieved by evaluatwhereh(? is the heavy quark field in the effective theory.
ing the matrix elements of the effective current operatorsThe leading order Isgur-Wise functiogi™(w) vanishes at
arising from the HQET expansion of the weak currents. Fotthe zero recoil = 1) of the final meson for any/, because
simplicity we limit our analysis to the leading order i,  of the heavy quark symmetry and the orthogonality of the
and use the trace formalispd5|. Following Ref.[6], we radially excited state wave function with respect to the

introduce the matrix ground state one.
At first order of the Iihg expansion there are contribu-
143 tions from the corrections to the HQET Lagrangian
* [
Hy=——[P," 7.~ Pyysl, ()
oL= —ﬁ‘Q’— —[o(.n o+ O 1, 5)

composed from the field8, andP’ * that destroy mesons in
the j°=3%" doublet with four-velocity v. At leading order ©)

. g
of the heavy quark expansiomg,— =) the matrix elements Ok, = h{?(iD)?h(Y, OET]Qa)gv:hu S

Gaﬁh(Q)

and from the tree-level matching of the weak current opera-
'Herej is the total light quark angular momentum, and the supertor onto effective theory which contains a covariant deriva-
script P denotes the meson parity. tive D= o* —iggt, Al
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— [ i . (€) o () 1 &c) o (D) — A &(n)
Ib—hO|T——Br+-—TB |h®.  (§ GO ETHETHET=ALT,
2m. 2my v
The matrix elements of the latter operators can be param- £O 4 g0 g0 _ B = A )
etrized as
< — (c) (b) —
hiD, Th® =Tr{¢OH, TH,}, &+&7=0. (11)
hOTiD WD =Tr{£PH, TH,}. (7)  The relations(9) and (11) can be used to express the func-
tions &9, in terms of &(=¢P = — ) and the leadin
The most general form fong) is[12] order fuhztiong(“): (=65 5) g
=0+ )+ 90— ) - ® .
AM 1 AM—A
The equation of motion for the heavy quaikp-D)h(@ 9= 55 w1 ),

=0, yields the relations between the form factgfs

E1+w)+ 9 (w-1)+ =0

£0(1+w) - D w-1)+ &P =o0. (9) . (
The additional relations can be obtained from the momentum ~m T
conservation and the definition of the heavy quark fields g(c):( _ +}A +A . L y
h{@, which lead to the equationd,(h'YTh®)=(Av, i 2 2 w+l w153
— Ay YhOTh® | implying that
_ A 1AM4A 1 .
9+ 60 = (R, = A )" (10 €‘+b>=(5—z Wﬂ e G

Here A(A™)=M(M™)—mq is the difference between the

heavy ground stat@adially excited meson and heavy quark ~ The matrix elements of the rh corrections resulting
masses in the liming— <. This equation results in the fol- from insertions of higher-dimension operators of the HQET
lowing relations: Lagrangian(5) have the structurfl?2]

i f dXT{LE), O[IThP1(0)}=2x O Tr{H, TH,}+2Tr

— 1+9'
(c P«
XopHyiio B 5 FHU},

i f X T{LL )M Th®1(0)} =2x P Tr{H, TH,} +2Tr

1+
Xg’gHv,rTiaaﬁHv]. (13

The corrections coming from the kinetic energy te@y;,, do not violate spin symmetry and, hence, the corresponding
functionsX(lQ) effectively correct the leading order functigd™. The chromomagnetic operat@,,q, on the other hand,
explicitly violates spin symmetry. The most general decomposition of the tensor form j@@oﬁs [12,13

X=X v XY 045,

b b b):
X=X y= X0 op. (14)

The functionin(b) contribute to the decay form factofd) only in the linear combinatior)(b=2x(lb)—4(w— 1)X(2b)

+12y{) . Thus five independent functiords, x, andy;(=x?), as well as two mass parametersand A", are necessary
to describe first order fi, corrections to matrix elements Bfmeson decays to radially excit@imeson states. The resulting
structure of the decay form factors is

hy =&V +e 21— 4(W—1)xo+ 12x3]+ epXp,

N = A=A
o &= | AW+ | &
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() S Av | A AD-A (n) — A-A (N _ %
hy=8"+e| 2y, —4xs+| AW+ W1 EV +ep xpt| A— W1 &V -2&;),

(n) v e WLy AEAY wo1l (= AD-AY
ha, =&+ e 2X1_4X3+W+1 AT+ W & +ep) xpt 1 A— W—1 &V =281,

- 2 |+ AM—A L
hAZZSC 4X2—m AW+ f +§3 s
_ #n) ~ e WL A-AY 2 — AY-A)

ha, =&+ e 2X1_4X2_4X3+m AT+ w1 3 _W+1§3 +ep| xpt | A— ] EV-2¢&5),

(15

whereeq=1/(2mg). V(D.a:M)=U.(D)Un(—D)V(D.0:M)U.(Q)Un( —
In the following sections we apply the relativistic quark (P.0:M)=Ug(P)ug(~ P)VIP.6: M) Ug(@) i~ a)

model to the calculation of leading and subleading Isgur- L 4

Wise functions. =Uq(P)Ug(— p)(gasDM(k)Vﬁ%

Ill. RELATIVISTIC QUARK MODEL

+V>:/0m(k)FgFQ;M+V§0nf(k)] uq(Q)uQ( - Q)n

In the quasipotential approach, a meson is described by
the wave function of the bound quark-antiquark state, which (19)

satisfies the quasipotential equatidr®] of the Schrdinger where a, is the QCD coupling constanB ,, is the gluon

type [17]: propagator in the Coulomb gauge dnd p—q; v, andu(p)
are the Dirac matrices and spinors

b2(M 2 d3
( (M) P )w(p)=J 9 V(oM)W (Q),

M) _ PT 1
2un 2m 2m)3 +
R 2u (2m) . P e e e

e(p)+m

where the relativistic reduced mass is
with e(p) = Vp?+ mZ. The effective long-range vector vertex
is given b

M*—(mi—m3)? g y
PRET o 17 i
F,L(k):%ﬁﬁtf,”k", (21

Herem, o are the masses of light and heavy quarks, jausl
their relative momentum. In the center-of-mass system th
relative momentum squared on mass shell reads

gvhereK is the Pauli interaction constant characterizing the
nonperturbative anomalous chromomagnetic moment of
quarks. Vector and scalar confining potentials in the nonrel-
ativistic limit reduce to

[M2—(mg+mg)I[M?~ (my—mg)?]

b?(M)=
(M) am?

- (19 VY (1=(1—8)(Ar+B), VS (r)=s(Ar+B),

(22

The kernelV(p,q;M) in Eq. (16) is the quasipotential reproducing
operator of the quark-antiquark interaction. It is constructed
with the help of the off-mass-shell scattering amplitude, pro- Veord 1) =V (1) + Vi (1) =Ar+B, (23
jected onto the positive energy states. An important role in
this construction is played by the Lorentz structure of thewheree is the mixing coefficient.
confining quark-antiquark interaction in the meson. In con- The quasipotential for the heavy quarkonia, expanded in
structing the quasipotential of the quark-antiquark interactionn?/c?, can be found in Refs[18,19 and for heavy-light
we have assumed that the effective interaction is the sum ahesons in[8]. All the parameters of our model, such as
the usual one-gluon exchange term and the mixture of vectajuark masses, parameters of the linear confining potential,
and scalar linear confining potentials. The quasipotential isnixing coefficiente, and anomalous chromomagnetic quark
then defined by18] momentxk, were fixed from the analysis of heavy quarkonia
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2% w
%4
b . c b . ¢
B ! ptr B Db
b | '
¢ 7 : 7 i— 7
B D(*)’ FIG. 2. Vertex function'® taking the quark interaction into

account. Dashed lines correspond to the effective potewitialEq.
_ — (19). Bold lines denote the negative-energy part of the quark propa-

q q gator.

FIG. 1. Lowest order vertex functioR® contributing to the
current matrix element25).

positive energy states of quarks and boosted to the moving
reference frame. The contributions Focome from Figs. 1
and 22 In the heavy quark limitn, ;—o only ') contrib-

masses 18] and radiative decayp20]. The quark masses utes, whileI'® contributes at bhg order. They look like

m,=4.88 GeV, m;=1.55 GeV, ms=0.50 GeV, m4
=0.33 GeV, and the parameters of the linear poterfial (1) T _ .5 3 _
=0.18 Ge\? and B=-0.30 GeV have the usual quark T (P, @) =Ucl(pe) 7,u(1 = ¥) Up(Gp) (27)6(Pg qq)&25)
model values. In Ref.11] we have considered the expansion

of the matrix elements of weak heavy quark currents beand

tween pseudoscalar and vector meson ground states up to the L

second order in inverse powers of the heavy quark masses. It Ff)(p,q)z Uc(Pe)Uqg(Pg)

has been found that the general structure of the leading, first,

and second order 1hg corrections in our relativistic model

is in accord with the predictions of HQET. The heavy quark x
symmetry and QCD impose rigid constraints on the param-

A(i)(k)
You(l— Yg)m YOV(Pg—Aq)

eters of the long-range potential in our model. The analysis Ak

of the first order correctionigl1] allowed us to fix the value +W(pg—dq f—yngM

of the Pauli interaction constaat=—1. The same value of ec(k’) +ec(ap)

« was found previously from the fine splitting of heavy

quarkonia®P;- states[18].> Note that the long-range chro- < (1—3) b u u 26
momagnetic spin-dependent interaction in our model is pro- (17 7Q)  Un( o) Ua( o). (26)

portional to (1+ «) and thus vanishes fot=—1 in agree-

ment with the flux tube modéR2]. The value of the mixing Wwhere the superscripts(1)” and “ (2)” correspond to Figs.
parameter of vector and scalar confining potentisis—1 1 and 2,Q=c or b, k=p.—A; k'=0,+A; A=ppe)
has been found from the analysis of the second order correc=pPsg;

tions [11]. This value is very close to the one determined 0. 0

from radiative decays of heavy quarkohi0]. AC)(p)= e(p)—(my™+ ¥ (vp))

In order to calculate the exclusive semileptonic decay rate 2¢e(p)
of the B meson, it is necessary to determine the correspond-
ing matrix element of the weak current between mesorfiere[23]
states. In the quasipotential approach, the matrix element of 3
the weak curreniV=cy,(1— y°)b between & meson and —. Potr . < Lo i
- — (x)r ’
a radially excitedd*)’ meson takes the forif23] Poa= €calP) M p () izl (Poc) )P
d*pq— P~
<D(*)'|JYLV(0)| B)= f (2_7T)6 Voo (P)Iu(p,a)We(a), Ob,q= €b,q(q) Mg + igl n®(pg)q',

(24) .
andn® are three four-vectors given by
where T",(p,q) is the two-particle vertex function and i -
W¥gpx) are the meson wave functions projected onto the k()= % 5ii+M(EiM) , E:W_

2It has been known for a long time that the correct reproduction of
the spin-dependent part of the quark-antiquark interaction requires The contribution"®) is the consequence of the projection onto
either assuming the scalar confinement or equivalently introducing€ positive-energy states. Note that the form of the relativistic cor-
the Pauli interaction withc= —1 [21,18,19 in the vector confine-  rections resulting from the vertex f@Ctidﬁz) is explicitly depen-
ment. dent on the Lorentz structure of tlyg interaction.
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It is important to note that the wave functions entering thethe framework of our model and determine leading and sub-
weak current matrix elemei(24) are not in the rest frame in leading Isgur-Wise functions. We substitute the vertex func-
general. For example, in t® meson rest frame, the™)’"  tions ") andT"® given by Eqs(25) and(26) in the decay
meson is moving with the recoil momentut The wave matrix elemeni{24) and take into account the wave function
function of the movingD*)" mesonW ), is connected transformation(27). The resulting structure of this matrix
with the D*)” wave function in the rest fram& ) by  element is rather complicated, because it is necessary to in-
the transformation23] tegrate both oved®p andd®q. The § function in expression

120 W s 1/2 W (25) permits us to perform one of these integrations and thus
Wpe)a(P) =D (R )DG (R )Wpe)o(P),  (27)  this contribution can be easily calculated. The calculation of
W _ _ _ the vertex functio’(® contribution is more difficult. Here,
where R™ is the Wigner rotation 4 is the Lorentz boost jnstead of as function, we have a complicated structure,

fraorpri;hglgeso?nresitnf r?rpe io a rr]r:o;;mngionc?\,/ a:?)the rOtat'ogontaining theQq interaction potential in the meson. How-
a (R) in spinor representation is given by ever, we can expand this contribution in inverse powers of

1 0 heavy {,c) quark masses and then use the quasipotential
(0 1) Dg{g(R‘L’VA)=s*1(pclq)s(A)s(p), (28)  equation in order to perform one of the integrations in the
current matrix element. We carry out the heavy quark expan-
sion up to first order in My, . It is easy to see that the vertex
e(p)+m/ ap the 1mg expansion. Then we compare the arising decay
S(p)= om \1+ +m matrix elements with the form factor decompositidn and
(P determine the corresponding form factors. We find that, for
is the usual Lorentz transformation matrix of the four-spinor.the chosen values of our model parameténg mixing co-
the Pauli constant= —1), the resulting structure at leading
and subleading order in g coincides with the model-
independent predictions of HQET given by Ef5). We get
Now we can perform the heavy quark expansion for thethe following expressions for leading and subleading Isgur-

where ) : .
function T'®) contributes already at the subleading order of
efficient of vector and scalar confining potentiat —1 and

matrix elements oB decays to radially excite® mesons in ~ Wise functions:

IV. LEADING AND SUBLEADING ISGUR-WISE
FUNCTIONS

£D(w) mf 90 0 pr—25 s | o) (29
W = * ) - __ 1
w1l ) 2me P e wen ) B P
~ (AW A 1 AD—A . 2w-1) 20
L= Mt g | Mg <0
- 1 w—1A®-A AWM vz g3p . 2¢
P ¢ 9 | )si . ~==a (0)
0= 5t e £ o ] [ et A ), @y
- 1 1 AD-A W
X2(w)=— wrl w1 ¢ (w), (32
3w—1AD- AD vz g3p 2¢
= = VT & JWsd| L “€a )0
XsW="gowrt wo1 ¢ Wl arT J’(zﬂ)wD(*)' loJerl,D(*>/(w+1)A Ve (P 33
2 \Y2r d% 2e .
w _A f _(O)* , + q A (l)SI _3 (1)Sd , 34
oW=A| g5 ] | S| P A [P -3 ) (34

whereA?= MZD(*),(WZ— 1). Here we used the expansion for where {3’ is the wave function in the limitng— o, ¢{°'

the Swave meson wave function and dffvll)s" are the spin-independent and spin-dependent first
0.+ (Wysi (1)sd ) order 1lfng corrections,dp=—3 for pseudoscalar, and,
I . .
Im= P+ Ameq(Py’'+dyiy°) +O(1/mg), =1 for vector mesons. The symbet in the expressions
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TABLE I. Masses of radially excited*)’ mesons and the
mass parameters in our model.

Parameter State Valu&eV) [8] Exp. (GeV) [25]
Mo D'(2Sy) 2.579

Mo s D*'(2S)) 2.629 2.63M)

A B,D(19) 0.51

A D(29) 0.94

Mp! D4(2Sp) 2.670

Moy DX'(2S)) 2.716

A B.,D(19) 0.61

AW D4(29) 1.05

(31)—(34) for the subleading functiong;(w) means that the

corrections suppressed by an additional power of the ratio

(w—1)/(w+1), which is equal to zero av=1 and less

than 1/6 atw,,,,, were neglected. Since the main contribu-

PHYSICAL REVIEW D 62 014032

TABLE Il. Leading and subleading Isgur-Wise functions and
their  slopes p§i=—(l/§i)((9/(9w)§i|wzl and p§i=—(1/
Xi)(dow)xilw—=1 at zero recoil. We factored outww(—1) from the
leading order form factor and defingt(w)=(w—1)E(w). The
values of the functiongs(1), xi(1) are given in units £
+A)/2.

EMW) ZEw) xa(w) Xaw)  xa(w)  Xb(W)

22 021 0.18 —0.054 —0.023 —0.098
26 -33 1.9 3.1 1.0 2.1

Value atw=1
Slope atw=1

could expect that the influence of these corrections on decay
rates to radially excite®*)’ mesons will be more essential.
Our numerical analysis supports these observations.

V. NUMERICAL RESULTS AND PREDICTIONS

In Table | we present the masses of radially excif¥d

tion to the decay rate comes from the values of form factorgnd D*’ as well as mass parametess calculated in the
close tow=1, these corrections turn out to be unimportant.framework of our mode[8]. Our prediction for theD*’

It is clear from the expressiof29) that the leading order
contribution vanishes at the point of zero recad=0w

mass is in good agreement with the DELPHI measurement
[25]. Other radially excited states have not been observed

=1) of the finalD™*)" meson, since the radial parts of the yet. Thus we use our predictions for numerical calculations.

wave functionsW¥ ), and ¥y are orthogonal in the infi-
nitely heavy quark limit. The biq corrections to the current

The values of leading and subleading Isgur-Wise functions
(29)—(34) and their slopes at the point of zero recoil of the

(12) also do not contribute at this kinematical pOint for the final D) meson are given in Table 1. In F|g 3 we p|0t our

same reason. The only nonzero contributionsratl come
from corrections to the Lagrangiany;(w), xs(w), and
Xb(w). From Egs.(15) one can find for the form factors
contributing to the decay matrix elements at zero recoil

h(1)=ed 2x1(1) +12x5(1) ]+ euxp(1),
ha, (1) =8c[2x1(1) —4x3(1)]+epxp(l). (35
Such nonvanishing contributions at zero recoil result fro

the first order 1y corrections to the wave functiorisee
Eqg. (34) and the last terms in Eq$31), (33)]. Since the

kinematically allowed range for these decays is not broad
(Isw=w,~1.27) the relative contribution to the decay

rate of such small Mg corrections is substantially in-
creased. Note that the termg(A™—A) &M (w)/(w—1)

m

results for the leading order Isgur-Wise functigh)(w) and
the current correction functiods(w). The functionsy(w),

X2(W), x3(w), andx,(w) are plotted in Fig. 4. We see that
the functions, parametrizing chromomagnetic corrections to
the HQET Lagrangian, are rather small in accord with the
HQET based expectations.

We can now calculate the decay branching ratios by inte-
grating double differential decay rates in Eg). Our results
for decay rates both in the infinitely heavy quark limit and
taking account of the first orderrh, corrections as well as
their ratio

Br(B—D™) ev)yin 1mq,

R=
Br(B—>D(*)’eV)mQ_,OC

are presented in Table Ill. We find that bothm/ correc-

have the same behavior near1 as the leading order con- tions to decay rates arising from corrections to HQET La-

tribution, in contrast to decays to the ground stafé) me-

grangian(31)—(34), which do not vanish at zero recoil, and

sons[24], where 1ig corrections are suppressed with re- corrections to the curreri80), (12), vanishing at zero recoil,

spect to the leading order contribution by the facter (

give significant contributions. In the case®# D'ev decay

—1) near this pointthis result is known as Luke’s theorem poth types of these corrections tend to increase the decay rate
[12]). Since inclusion of first order heavy quark correctionsjeading to approximately a 75% increase of BesD’ev

to B decays to the ground stal®*) mesons results in ap-
proximately a 10—20% increase of decay rdtk§,13, one

decay rate. On the other hand, these corrections give oppo-
site contributions to th&—D*’ev decay rate: the correc-
tions to the current give a negative contribution, while cor-
rections to the Lagrangian give a positive one of

“There are no normalization conditions for these corrections con@Pproximately the same value. This interplay afngd/cor-

trary to the decay to the ground std®é*) mesons, where the con-

rections only slightly &10%) increases the decay rate with

servation of vector current requires their vanishing at zero recoirespect to the infinitely heavy quark limit. As a result the

[12].

branching ratio foB—D’'ev decay exceeds the one fBr

014032-7
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TABLE Ill. Decay rates I' (in units of |V,,/0.042
X 10715 GeV) and branching ratios Bfn %) for B (B,) decays to
radially excitedD*)’ (Dg*)’) mesons in the infinitely heavy quark
mass limit and taking account of first orderny corrections.
3 (B—D™)'er) and3 (B,—D{*) ev) represent the sum over the
channelsR is a ratio of branching ratios taking account o/

corrections to branching ratios in the infinitely heavy quark mass

limit.
Mg— With 1/mg

Decay r Br r Br R
B—D’ev 053 012 092 022 174
B—D*'er 070 017 078 018 1.11
3 (B—D™)ep) 1.23 029 170 040 137
Bs—D.ev 066 016 1.18 028  1.80
B.—DZ'ev 086 020 095 022 1.10
3 (Bs—D) ev) 152 036 213 050 1.40

—D*’ev after inclusion of first order b, corrections. In

PHYSICAL REVIEW D62 014032

0151

0.1t

0.051

-0.05 ¢

ok
1 11

1.2

L7 1.3

14

FIG. 4. Isgur-Wise functiong(w) (solid curve, y,(w) (bold
curve, ys(w) (dotted curvg and y,(w) (dashed curvefor the B
—D®)"ep decay in units AV +A)/2.

the infinitely heavy quark mass limit we have for the ratio +r2J/[2r(1—y)]<w<(1+r?)/(2r). We present our results

Br(B—D’ev)/Br(B—D*'ev)=0.75, while the account of

both in the heavy quark liming— o (dashed curvgsand

1/mq, corrections results in the considerable increase of thigvith the inclusion of first order B, corrections (solid

ratio to 1.22.

curves. From Fig. 6 we see that inclusion ofni4 correc-

In Table Ill we also present the sum of the branchingtions significantly changes the shape of electron spectrum for

ratios over first radially excited states. Inclusion ofmg/

B—D*’ev decay. The maximum is considerably shifted to

corrections results in approximately a 40% increase of thigligher lepton energies.

sum. We see that our model predicts that 0.409B afeson
decays go to the first radially excitddl meson states. If we
add this value to our prediction fdB decays to the first
orbitally excited states 1.45%], we get the value of 1.85%.
This result means that approximately 2%Bélecays should
go to higher excitations.

VI. CONCLUSIONS

In this paper we have carried out the heavy quark expan-
sion for the decay matrix elements of weak currents between
the B meson and radially exciteB*)’ meson states up to

In F|gs 5 and 6 we p|0t the electron spectra (1/f|rst order. It is found that five additional functions of the

I'p)(dl'/dy) for B—D'er and B—D*'ev decays. Hergy

product of velocitiesv are necessary to parametrize first or-

=2E./mg is the rescaled lepton energy. These differentialder 1imq corrections. One of these functiodg(w) arises
decay rates can be easily obtained from double differentiafrom corrections to the weak current. The other four func-

decay rates (2), wusing the relation y=1-rw
—ryw?—1cosé and then integrating irw over [(1—y)?

1 1.1

13 1.4

W

FIG. 3. Isgur-Wise functiong®(w) (solid curve andZz(w)
[bold curve, in units A Y+ A)/2] for the B—D™*)’ep decay.

0.014 1

00121

0.011

0.008 T

0.006 T

0.004

0.002 1

01 02 03 y0.‘4 05 06 07

FIG. 5. Electron spectra (IL4)(dI'/dy) for the B—D’ev de-
cay as a function of the rescaled lepton enexgy2E./mg.

Dashed curve shows thag—co limit, solid curve includes first
order 1ig corrections.
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0.011

0.008 1

0.006 T

0.004

0.002

07

04 ; 06
y 05

01 02 03
FIG. 6. Electron spectra (IL§)(dI'/dy) for theB—D*'ev de-

cay as a function of the rescaled lepton energy2E./mg.

Dashed curve shows th@gy—o° limit; solid curve includes first

order 1fng corrections.

tions y;(w) (i=1,...,3b) parametrize corrections to the

PHYSICAL REVIEW D 62 014032

analysis. This allows us to determine the leading and sub-
leading Isgur-Wise functions for this transition. We find that
both the relativistic transformation of the meson wave func-
tion from the rest frame to the moving one as well as the first
order 1mq corrections to meson wave functions give essen-
tial contributions to the subleading order functions. Thus, the
account for corrections to the wave functions gives contribu-
tions to decay matrix elements which do not vanish at zero
recoil. These contributions turn out to be rather small nu-
merically. However, their role is considerably increased
since the kinematical range f& decays to radially excited
D®)" mesons is small and thus the leading order contribu-
tion, vanishing at zero recoil, is suppressed. Another impor-
tant contribution to decay rates comes from the terms
eo(AW—=A) B/ (w—1) originating from the corrections to
the current. These terms turn out to be numerically impor-
tant. We find an interesting interplay of these two types of
1/mq corrections. They contribute to theé—D’ev decay
rate with the same sign, but their contributions to Be
—D*’ev rate have opposite signs. As a result the former
decay rate is substantiallyL.75 time$ increased by the in-
clusion of first order Ihg corrections while there is only a
slight (1.1 times increase of the latter decay rate. This leads

HQET Lagrangian. The leading order function vanishes at0 the increase in the ratio B3(~D'ev)/Br(B—D*"ev)

the point of zero recoil=1) of the finalD*)’ meson due

from 0.75 in the heavy quark limit to 1.22, when first order

to the heavy quark symmetry and orthogonality of the radiall/mq COI'_I'ECtiOﬂIS are taken into _accoun_t. Final_ly, we find that
parts of meson wave functions in the heavy quark limit. Thethe semileptonicB decays to first radial excitations @
contributions to the decay matrix elements coming from themesons acquire in total 0.4% of tigedecay rate.

corrections to the current also vanish at zero recoil for the

same reason. Thus the only nonzero contributions to the ACKNOWLEDGMENTS
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