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SemileptonicB decays to excited charmed mesons
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Exclusive semileptoni® decays into excited charmed mesons are investigated at Arglgs/mg in the
heavy quark effective theory. Differential decay rates for each helicity state of the four lightest eRcited
mesongD,, D3 , Dg , andD7) are examined. At zero recoih ocp/ Mg corrections to the matrix elements of
the weak currents can be written in terms of the leading Isgur-Wise functions for the corresponding transition
and meson mass splittings. A model independent prediction is found for the slope parameter of the decay rate
into helicity zeroD, at zero recoil. The differential decay rates are predicted, includigg,/mq corrections
with some model dependence away from zero recoil and including ergeorrections. Ratios of various
exclusive branching ratios are computed. Matrix elements of the weak currents b&weesons and other
excited charmed mesons are discussed at zero recoil to Akggy/mg . These amplitudes vanish at leading
order, and can be written at ordé&i,cp/mq in terms of local matrix elements. Applications Bodecay sum
rules and factorization are presentE80556-282(98)02901-4

PACS numbds): 12.39.Hg, 13.20.He

I. INTRODUCTION tions. Combining the unit of orbital angular momentum with
o _ the spin of the light antiquark leads to states Wﬁﬁ
Heavy quark symmetry1] implies that in themg—o  —1/2* and 3/2. The 1/2 doublet O} ,D¥) has not been

limit matrix elements of the weak currents betweeB &e-  gpserved. Presumably this is because these states are much
son and an excited charmed meson vanish at zero recqil . qor than those witk™=3/2". A vast discrepancy in

(where in the rest frame of thB the final state charmed . . . .
meson is also at rgstHowever, in some cases at order widths is expected since the(z*r)nerr_wbers of the ld@ublet of
charmed mesons decay @'*’# in an S-wave while the

Aocp/Mg these matrix elements are not z¢2Jd. Since most
QED’ T Q : . members of the 3/2 doublet of charmed mesons decay to
of the phase space for semileptoriic decay to excited i . .
P P P y D™z in a D-wave. (An S-wave D;—D* 7 amplitude is

charmed mesons is near zero recdicp/Mg corrections I d by total | i i but f
can be very important. This paper is concerned with rates fo .;&"le . };h ota ar:ongj. ar_tnt:orrr]]en um conkserya on, d t or
B semileptonic decay to excited charmed mesons, includin laden in thémg—cc fimit by heavy quark spin symmetry

i 1)
the effects ofA gcp/Mg corrections. . . -
The use of r?eavy%uark symmetry resulted in a dramati CTDhe ?]eavthuz;rk effectlvektheo(jrlQE'l‘) IS Fh]ff' I_|m|t (')fh .
improvement in our understanding of the spectroscopy an?? where t € heavy quark mass goes to. Infinity W.'t its

weak decays of hadrons containing a single heavy quark, our VeIOC'_ty’U' fixed. The_ heavy qtge;rk field in QCI, is

In the limit where the heavy quark mass goes to infinity,"®lated to its counterpart in HQER, ", by

Mmg—o°, such hadrons are classified not only by their total

spinJ, but also by the spin of their light degrees of freedom Q(x)=e"Mqv X

(i.e., light quarks and gluomss; [3]. In this limit hadrons

containing a single heavy quark come in degenerate doublets Q) r(Q) .

with total spin,J.=s+1/2, coming from combining the wheresgh,~’=h~’ and the ellipses d_enote terms_suppressed

spin of the light degrees of freedom with the spin of thePY further powers ofA gcp/mg . Putting Eq.(1.1) into the

heavy quarksq=1/2. (An exception occurs for baryons with Part of the QCD Lagrangian involving the heavy quark field,

s,=0, where there is only a single state willkr1/2) The £=Q(iD —mg)Q, gives

ground state mesons wit@q flavor quantum numbers con-

tain light degrees of freedom with spin-parig/'=1/2", L=Luqert 0L+ ... 12

giving a doublet containing a spin zero an(_JI spin one Mesonfhe HQET Lagrangiafi4]

For Q=c these mesons are tlleandD*, while Q=b gives

the B andB* mesons. CHQET:h_,(JQ)ithf,Q) 1.3
Excited charmed mesons Witlr|1”'=3/2+ have been ob-

served. These are th2, andD} mesons with spin one and is independent of the mass of the heavy quark and its spin,

two, respectively(There is also evidence for the analogousand so forNy heavy quarks with the same four velocity

Q=b heavy meson doubletFor q=u, d, the D, andD} there is aU(2Ng) spin-flavor symmetry. This symmetry is

mesons have been observed to decap v 7 and are nar- broken by the ordeA qcp/mg terms(5] in 4L,

row with widths around 20 MeV(The Dg; andD%, strange

mesons decay t®*)K.) In the nonrelativistic constituent SL= L [0 +0Q 7, (1.4)

quark model these states correspond.tel orbital excita- 2m v 9

h(Q)

v i

1+ D +
omg

1.9
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where

0Q —h@

magp

—0) - g
02, =h[(iD)?N(2, % s GNR
(1.9

The first term in Eq(1.4) is the heavy quark kinetic energy.

It breaks the flavor symmetry but leaves the spin symmetry
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intact. The second is the chromomagnetic term, which breaks

both the spin and flavor symmetrig$n the rest frame, it is

-

of the form wq- Beoior, Whereug is the heavy quark color
magnetic momen.

The hadron masses give important information on some
HQET matrix elements. The mass formula for a spin sym-

metry doublet of hadronkl.. with total spinJ. =s,* 3 is

M
My, = Mg+ A"

n-AY
+...

+ . (1.6
2mQ 2mQ

where the ellipsis denote terms suppressed by more powers

of Agep/Mg andn..=2J. +1 is the number of spin states
in the hadrorH .. . The parameteA is the energy of the light
degrees of freedom in th@g—c limit, A, determines the
heavy quark kinetic energy

A (H-(0)[NQ(iD)2h(Q[H..(v)),

1.7

S 2my

and\, determines the chromomagnetic energy

1 ) 9
AZ — (H=(0)[N[® 5 05GP [H . (0)).

:ZmH+n+
(1.8

/Tand)\l are independent of the heavy quark mass, wkjle
has a weak logarithmic dependencerog. Of course they
depend on the particular spin symmetry doublet to wikich

309
TABLE I. Charmed meson spin multipletsj€u,d).
s Particles JP m (GeV)
. D, D* 0,1 1.971
i D¢ D} o+,1* ~2.40
g* D,,D} 1+2t 2.445
Zv_/\—:mb(ﬁé_ﬁla)_mc(ﬁb_ﬁ))
My —Me
A3
+0 —Q?)zo.sg GeV,
Ma
Ly 2memel (Mg —mg) — (M5 —Mp) |
! v Mp—Mc
3
+0O QCD) ~—-0.23 Ge\. (1.10
Mq

The numerical values in Eq1.10 follow from the choices
m,=4.8 GeV andm.=1.4 GeV. To the order we are work-
ing, m, andm, in Eq. (1.10 can be replaced byz andmp .
This changes the value of’ — A only slightly, but has a
significant impact on the value of;—X\;. The value of
A’ — A given in Eq.(1.10 has considerable uncertainty be-
cause the experimental error o, is large, and because it is
not clear that the peak of tH&*) 7 mass distribution corre-
sponds to the narrov}*_doublet?

At the present timeA and\; are not well determined. A
fit to the electron energy spectrum in semileptoBiclecay
gives[7] A=0.4 GeV and\,=—0.2 Ge\?, but the uncer-
tainties are quite larggB]. (A linear combination ofA and
N1 is better determined than the individual valyes.

The measured* —D mass differenc€142 MeV) and

belong. In this paper, we consider heavy mesons in thehe measuredD% —D; mass difference(37 MeV) fix

W|217

ground states;'=3" doublet and the ex_citedf'z%+ and
37 doublets. We reserve the notatiok,\;,\, for the
ground state multiplet and ug€ ,\;,\5 andA* AT A3 for
the exciteds'=3" and 3" doublets, respectively.

The average mass,,, weighted by the number of helic-
ity states

_oonomy +n.my,

e (1.9

\,=0.10 Ge\} and \,=0.013 GeV.. Note that the matrix
element of the chromomagnetic operator is substantially
smaller in the excited;f'z%+ multiplet than in the ground
state multiplet. This is consistent with expectations based on
the nonrelativistic constituent quark model. In this phenom-
enological model, the splitting between members dDq
meson spin symmetry doublet arises mostly from matrix el-

ements of the operateg,- s_a—éG(F), and these vanish f@q
mesons with orbital angular momentum.

is independent of,. The spin average masses for the lowest

lying charmed mesons is given in Table I. Identifying the

B™) 1 resonances observed at the CERNe~ collider LEP
with the bottoms™=3" meson doublet we can use their
average massng=>5.73 GeV[6], to determine the differ-

encesA’—A and\;—\q:

'Hadron states labeled by their four velocity= p,; /my; , satisfy
the standard covariant  normalization (H(p{)|H(pn))

= (2)%2E6%(p}, — Pry).-

_°The By, and B%, masses could also be used to determine
A'— A from the relation
A’—A=A;—A+(ﬁg—ﬂgs)+O(AQCDrnS/mc),
with the analogue of Eq(1.10 used to fixA;— A, andmp—mp_
—114 MeV. TheB} has not been observed, but its mass can be
determined  from mB:—mBS)—(mB*—mB):(mC/mb)[(mD;
—mDS)—(mD*—mD)]. However, because of uncertainties in the
B and BE, masses and the unknown ordet dcpms/m;) term,

this relation does not give a more reliable determinatior\ bf A
than Eq.(1.10.
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SemileptonicB meson decays have been studied extenfunctions occur, which are unknown. These introduce a sig-
sively. The semileptonic decayd—Dev, andB—D*ev,  nificant uncertainty. Thé ocp/ Mg corrections enhance con-
have branching ratios of (180.4)% and (4.6:0.3)%, re-  Siderably theB semileptonic decay rate to i, state, and
spectively[9], and comprise about 60% of the semileptonicfor zero helicity the slope ofId(B— D eve)/dw atw=1is
decays. The differential decay rates for these decays are dBredicted. *Trﬁse corrections  also reduce the ratio
termined by matrix elements of the webk-c axial-vector R=B(B—D;éve)/B(B—D,eve) compared to its value in

and vector currents between tBemeson and the recoiling themg— o limit. The value ofr at zero recoil is not fixed by
heavy quark symmetry, and must be determined from experi-

(*) i ' — . g
D™’ meson. These matrix elements are usually parametrlgeﬁ]ent_ The measureB— D, e, branching ratio is used to
by a set of Lorentz scalar form factors and the differentialyetermine (with some model dependent assumptions
decay rate is expressed in terms of these form factors. FQr(1)|=0.71. The effects of perturbative QCD corrections
comparison with the predictions of HQET, it is convenient togre also discussed, with further details given in the Appen-
write the form factors as functions of the dot-product, dix.
w=v-v', of the four-velocity of théB mesony, and that of It is interesting to understand the composition of the in-
the recoilingD™*) meson,v’. In the mg—c limit, heavy  clusiveB semileptonic decay rate in terms of exclusive final
quark spin symmetry implies that the six form factors thatstates. In Sec. Ill, the HQET predictions for the differential
parametrize th8—D and B—D* matrix elements of the decay rates foB—Dgev, andB— D7 ev, are investigated.
b— c axial-vector and vector currents can be written in termsThe situation for the excited™ =" multiplet is similar to
of a single func_tion_oiN [1]. Fu_rthermo_re, heavy qugrk fla- the sl’T':%* multiplet discussed in Sec. II. Using a quark
vor symmetry implies that this fur(lcyon is normalized to model relation between the leading,— = Isgur-Wise func-
. e %) ; ;

unity at zero recoilw=1, where thd? is at restin the r(_ast tions for B decays to thesl”'=§+ andsf'=%+ charmed me-
frame of theB [10,11,1. The functions ofw that occur in .

- sons (and some other model dependent assumplictine
predictions for weak decay form factors based on HQET are. 1o forB—D* 67 andB— D* ev. are predicted
usually called Isgur-Wise functions. There are perturbative Section IV Odi:c?usses the lcovﬁtribut%n of other excited
as(Mg) and nonperturbativel ocp/Mq corrections 1o the - ey mesons to the matrix elements of the vector and

icti imi (COP Y i- . . .
predictions of themg—ce limit for the B—D™’ev, semi- 531 vector current at zero recoil. Only excited charmed

leptonic decay form factors. The perturbative QCD COITeCY - drons withsf'=%‘, S~ andi*, 3* can contribute. The

tions do not cause any loss of predictive power. They involve; e : . .
the same Isgur-Wise function that occurs in timg— 2 ?‘”d 2 douk_)lets are d|sst:yssed in Secs. Il and lll. This
limit. At order A ocp/Mg several new Isgur-Wise functions section deals with the " and3  cases, where th&qco/ Mg

o QCtD Q i th Ao/ corrections to the states frodC give rise to non-vanishing
occur; however, at zero recoil, there are Agcp/Mg COr- o0 acoil matrix elements.

rections to the matrix elerr(gntiof-the weak curreiiz]. Section V examines other applications of our results. Us-
Expectations for theB—D'*’ev, differential decay rate jnq factorization, predictions are made for nonleptdBide-
based on HQET are in agreement with experinjés. cay widths toD3 7, D, and toD* o, DX «r. The impor-

Recently, semileptoni& decay to an excited heavy me- tance of our results foB decay sum rules is discussed.
son has been observgd4-16. With some assumptions, |ncluding the excited states dramatically strengthens the
CLEO[16] and ALEPH[15] find respectively the branching Bjorken lower bound on the slope of tie—D *)er, Isgur-
ratios B(B—Djeve)=(0.49+0.14)% and B(B—Dieve) Wise function. ¢
=(0.74£0.16)%, as well as the limitsB(B— D3 eve) Concluding remarks and a summary of our most signifi-
<1% andB(B—Djer,)<0.2%. In the future it should be cant predictions are given in Sec. VI.
possible to get detailed experimental information on the o -

B—D.ev, andB— D} ev, differential decay rates. Il. B—D,eve AND B—Djev, DECAYS

In this paper we study the predictions of HQET fr The matrix elements of the vector and axial-vector cur-
semileptonic decay to excited charmed mesons. This papeénts(V#=cy*b and A*=cy*ysb) betweenB mesons and
elaborates on the work in Rdf2] and contains some new D, or D} mesons can be parametrized as
results. In the infinite mass limit the matrix elements of the
weak axial-vector and vector current between Eheneson  (P1(v',€)[V¥[B(v))
and any excited charmed meson vanish at zero recoil by m
heavy quark symmetry. Corrections to the infinite mass limit !
of order Aqgcp/Mg and orderag(mg) are discussed. The (D4(v’,€)|A#B(v))

:fvlﬁ*’u‘f'(fvzv'u'f'fvsl),’u)(f* 'U),

corrections of order\ ocp/Mg are very important, particu- fac”Prerv v,
QCD Q Y
larly near zero recoil. VMo, Mg
Section Il discusses the differential decay rate,
_— ! M
d’I'/dwdcos for B—(D,,D%)ev,, where 6 is the angle (D3 (", 0)lA |B(U)>: ey
1 o

between the charged lepton and the charmed meson in the w/sz mg
rest frame of the virtuaW boson. Corrections of order

AQCP/mQ are included. At ordeAQCD_/mQ the_B—>D1 zero +(ksz#+ kA3U'#)fZﬁU b,

recoil matrix element does not vanish and is expressible in

terms of the leadingng—c Isgur-Wise function,r, and (D% (v',€)|V¥B(v))

A’ — A [which is known in terms of hadron mass splittings =ikye Pre; v g0, 2.9
from Eqg. (1.10]. Away from zero recoil new Isgur-Wise VMoz M
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where the form factor$; andk; are dimensionless functions since theA ocp/mg corrections effect these differently, and
of w. At zero recoil ¢=v') only the f,, form factor can the decay rates into different helicity states will probably be
contribute, sincev’ dotted into the polarizatior(e*# or measurable. We define as the angle between the charged
€* %) vanishes. lepton and the charmed meson in the rest frame of the virtual

W boson, i.e., in the center of momentum frame of the lepton

The differential decay rates can be written in terms of theyair ‘The different helicity amplitudes yield different distri-
form factors in Eq.(2.1). It is useful to separate the contri- |, tions in6. In terms ofw=v-v' and @, the double differ-

butions to the different helicities of tHe; andD3 mesons, ential decay rates are

2
FDl
— 3 2 . 2 2
dwdcog — Lo tw = s ol (w—ro)fy, + (W= 1)(fy +1afy,)]

+(1=2rwHrH[(L+cog O + (W= 1)fa]—4 cogyw’ - 1fy, fal},

2 *
% =3 or5(wW?—1)%%% sir?6[ (W—rp)ka + (W= 1)(Ka,+12Ka,)]?
+(1=2rwr3)[(1+cosO)[K; +(w?—1)ki]—4 co\w?—1kp kyl}, (2.2
|
where  T'o=GE|Vep|’mg/(1927%), ri=mp /mg, 1, To leading order i\ gcp/Mg andag, matrix elements of

:sz/mB_ The semileptoni® decay rate into any#1  the b—c flavor changing current between the states de-

state involves an extra factor e — 1. The si6 term is the stroyed by the fields i, andFv, are

helicity zero rate, while the 4 cosd and co® terms deter- _ —©rn(b) —

mine the helicitya=*1 rates. Since the weak current is c 'b=h;Th”=xw) Tr{v,F I'H}. (2.6
V—A in the standard modeB mesons can only decay into

the helicity [\|=0,1 components of any excited charmedHerer(w) is a dimensionless function, and? is the heavy
mesons. The decay rate fox|=1 vanishes at maximal re- quark field in the effective theorfs is v3 times the function
coil, Wma=(1+1)/(2r), as implied by the +2rw+r? fac- 74, of Ref.[19]). This matrix element vanishes at zero recoil
tors abover=r, orr,). From Eq.(2.2) it is straightforward for any Dirac structurd™ and for any value of(1), since the
to obtain the double differential rate’ld/dwdy using the B meson and the;,D}) mesons are in different heavy

relation quark spin symmetry multiplets, and the current at zero re-
coil is related to the conserved charges of heavy quark spin-
y=1-rw—ryw?—1 co9, (2.3  flavor symmetry. Equatiof2.6) leads to theny— > predic-

tions for the form factord; andk; given in Ref.[19].

At order Agcp/Mmg, there are corrections originating
from the matching of thé&— c flavor changing current onto
the effective theory, and from ordérgcp/mg corrections to
the effective Lagrangian. The current corrections modify the
first equality in Eq.(2.6) to

wherey=2E./mg is the rescaled lepton energy.

The form factord; andk; can be parametrized by a set of
Isgur-Wise functions at each order Kgcp/mg . It is sim-
plest to calculate the matrix elements in Eg.1) using the
trace formalisn{17,18. The fieldsP, and P} “ that destroy

members of thesI”'z 1~ doublet with four-velocityv are in % i i
. Thoh(© _ " 5 | ()
the 4xX 4 matrix clb=h|T m, lDl“Jr—Zmb o h>. (2.7
_1+‘/’ X For matrix elements between the states destroyed by the
HU_ [Pv Y,u Pv 75] (24) . . o .
2 fields inF , andH,, the new order\ ocp/Mg operators in
Eq. (2.7) are

while for s'=3" the fieldsP, andP}*" are in

1+9¢ v 3
v 2 Pu Y EPU75

The matricesH and F satisfy the propertiesH,=H, ,
= —H,#, JFF=FF=—F4, andF¥y,=F"y =0, SR =v [P0+ 70+ NI+ 7o (2.9

h{ZiB,ThP=THSF] TH, },

1
gl =3 V(7 o)

: hOTiD D =Tr{SEF7,TH,}. 2.9
2.5 .
The most general form for these quantities is
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The funCtIOI']S7'| depend onw, and have mass dimension only implies thatr{® + 7{ = 0. Equation(2.15 relies on the

one? They are not all independent. assumption that thefQ)(w) are continuous av=1.
The ( ?quatl_on ~of motion for the heavy quarks, Next consider the terms originating from ordepcp/mg
(v-D)h{Y =0, implies corrections to the HQET Lagrangiadf in Eq. (1.4). These

corrections modify the heavy meson states compared to their

infinite heavy quark mass limit. For example, they cause the

mixing of the D; with the J°=1" member of thesf'

=1/2" doublet.(This is a very small effect, since th, is

Four more relations can be derived using not any broader than tHa% .) For matrix elements between

o - the states destroyed by the fields I-Trj, andH,, the time
i9,(h'STh®)=(Av,—A'v/)hITh® | (2.1)  ordered products of the kinetic energy termdd with the
leading order currents are
which is valid between the states destroyed by the fields in

WT(lC) + T(2°> — T(3C) =0,

P +wr) — 7P+ 7P =0. (2.10

F’, andH,. This relation follows from translation invari- f 4 (c) O (b) (©) -
ance and the definition of the heavy quark fieldS . It | X0k, (O, TN} = me Trv F, THL},
implies that
SO+ 80 =(Avy—A'v])v,r. (212 f d*xT{O ([N ThP](0)} = 72 Tr{v FI,TH,}.
2.1
Equation(2.12 gives the following relatiorfs (210
_ These corrections do not violate spin symmetry, so their con-
T(lc)+ T(lb)IAT, tributions enter the same way as thg,— Isgur-Wise
o function, 7.
I+ =—A'7, For matrix elements between the states destroyed by the
fields inF’, andH,, the time ordered products of the chro-
T(gc)+ 7'(3b):O, momagnetic term in5L with the leading order currents are

P+ P =o0. 2.1 —
4T 213 i f d'xT{O\%), ([N Th{P](0)}
These relations express thf’s in terms of ther{”’s. Fur- )

. . . . 1+ !
thermore, combining Eq$2.10 with (2.13 yields —Tr[ R“)ﬁF GoB . FHU],

T(gc) = WT(lc) + T(ZC) ,
A0 =(w—1) (7 — 7)) — (WA’ — A) 7. (2.14 if d*xT{O B, () [N'TTh{®](0)}

All order Aqcp/Mmg corrections to the form factors coming ) =5 1+¢
from the matching of the QCD currents onto those in the =N RoapF, I —— i PH, ¢ (2.17
effective theory are expressible in terms/of and A’ and

two functions, which we take to be® and 7%’ . From Eqs.  The most general parametrizations®fQ are
(2.8 and (2.9 it is evident that onlyr{?) can contribute at

zero recoil. Equation2.14) determines thi; contri_butio_n in RUC;B— 771 VoYaYpt 772 v Va¥pt 7;3 gm
terms of (1) and measurable mass splittings given in Eq.

b b b b
(110’ R( )ﬁ 77?[ ) 07a73+ 77(2 )UU.U(;’}/'B‘F 7’% )ga'av,ﬁ

72(1)=—7(1)= (A" = A)r(1). (2.15 218

Only the part ofRf,%)B antisymmetric ina and 8 contributes

Ki lusivel i At that ki . ~ when inserted into Eq2.17). The functionsy; depend omw,
working exclusively at zero recoil. At that kinematic point, ;4 have mass dimension one. Note taty, is dependent

. b .
matrix elements of the operatdf”T'h{® vanish between a on the tensor structures included in HG.18 for matrix
B meson and an excited charmed meson, and sdEfl)  elements between these states. For example, for the
Agcp/m, corrections the following trace identity holds

Note that with our methods E@2.15 cannot be derived

3OrderAQCD/mc corrections were also analyzed in Rg#0]. We

find that 7, (denotedg, in [20]) does contribute in Eq2.8) for I T [oYa¥pt205a 7+ 2(1 W) G V]
= y,I', and corrections to the Lagrangian are parametrized by more 144’
functions than irf20]. % F:,Uaﬁ (2.19

“In Ref.[2] two out of these four relations were obtainfhly
those two were needed to get Eg.15]. We thank M. Neubert for
pointing out that there are two additional constraints. All contributions arising from the time ordered products in
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Eq. (2.17 vanish at zero recoil, since,F’=0 and The form factors in Eq(2.1) depend o™ only through
v(1+8)c*#(1+4)=0. Thus we find that at zero recoil the the linear combination 7,= 7D +67—2w-1)7P

only A qcp/Mg corrections that contribute are determined by 72 Denotinge o= 1/(2mg) and dropping the superscript

measured meson mass splittings and the value of the leading > -
order Isgur-Wise function at zero recoil. oh 7% and7{, the B— D ev, form factors arq2]

VBf o= —(W+1) 7= ep{(W—1)[ (A’ +A) 7— (2W+ 1) 73— 7]+ (W+ 1) 7}
—e[AWA' = A) 7= 3(W—1)(;— 75) + (W+ 1) (7= 271~ 373)],
By, = (1= W) 7= ey (W2 = 1)[(A' + A) 7= (2W+ 1) 73— r+ 7]

— e[ AW+ 1) (WA = A) 7— (WP~ 1) (37— 37— met 2771+ 3773)],

Bty = =37 3ep[ (A’ + A) 7= (2W+1) 73— 7o+ 7] — £ (4W— 1) 74+ 575+ 37+ 107, + 4(W— 1) 7~ 575],

VBfy, = (W—=2) 7+ ep{ 2+ W[ (A" + A) 7= (2W+ 1) 74— 75] — (2— W) 7}

+SC[4(WZT—A)T+(2+W)’Tl+(2+3W)7'2+(W—2) Ne— 2(6+W) 1 —4(w—1)n,— (3w—2)53]. (2.20

The analogous formulae f@— D3 ev, are
ky=—71—gp[ (A" +A) 7= (2W+1) 71— 7o+ ] —&c(T1— T2+ e— 271+ 73),

kn, = = (14 W) 7= ep{(W=D[(A +A) 7= (2W+ 1) 73— 7]+ (1+ W) 7} — e[ (W= 1) (71— 72) + (W 1) (76— 272+ 73)],
Ka,= —2e(11+ 72),

Ka,= 7+ ep[ (A" +A) 7= (2W+1) 7= 7o+ pp] —ec(T1+ T2 = ket 271~ 2772~ 773). (2.2

Recall thatf\,1 determines the zero recoil matrix elements of the weak currents. From{ZEg8. it follows that

VBfy,(1)=~8ac(A'~A)r(1). (2:22

(For a flavor diagonal current a similar relation was previously obtained by Vol¢&Hijn

The allowed kinematic range f@— D,ev, decay is kw<1.32, while forB—D}ev, decay it is kxw<1.31. Since
these ranges are fairly small, and at zero recoil there are some constraintsA\ag-Hieng corrections, it is useful to consider
the decay rates given in ER.2) expanded in powers af— 1. The general structure of the expansion Bfdiv is elucidated
schematically below,

drg.=%
det/ ~ W2 1[(W—1)%(0+0e+e2+&3+.. )+ (W—1)}(0+e+e2+.. )+ (W—1)4(1+e+..)+...], (2.23
driM=»
g~ W IIW=1)%0+ 06 + 82+ 83+ )+ (WD) (L+e+ ) H (WD (Le+ )+,
ar{y-o2
— 2 (W2 1)¥(W—1)°(1+e+..)+(Ww—D) (Lte+..)+...].

dw
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Here " denotes a term of orderA(gcp/mg)". The zeros

in Eq. (2.23 are consequences of heavy quark symmetry,
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further restriction on its structure.
In this paper we present predictions using two different

as the leading contribution to the matrix elements of theapproximations to the decay rates. In approximation A we

weak currents at zero recoil is of ord&gcp/mg . Thus, the
D, decay rate aw=1 starts out at ordeh3cy/mp. Simi-
larly, from Eq.(2.2) it is evident that the vanishing df, (1)
in the mg—c limit implies that at ordew—1 the D{*~%
rate starts out at ordehgcp/Mg. The D3 decay rate is
suppressed by an additional powerwt— 1, so there is no

dT'p,
dwdcoy
dzr D; B
dwdco® 2

(We do not expand the factors agfw?—1 that multiply
cosd.) The subscripts of the coefficiergs,u denote the spin

treatw—1 as order\ ocp/Mg and expand the decay rates in
these parameters. In approximation B the known order
A gcp/ Mg contributions to the form factors are kept, as well
as the fullw-dependence of the decay rates.

Expanding the terms in the square brackets in(E@®) in
powers ofw—1 gives

=Tor2(1)r3yw?— 1; (w—1)"{sirfs" + (1—2r,w+r2)[(1+cog)t!" — 4 coyw?— 1u{™7},

Cor?(D)r3w?—1)¥2) (w—1)"2 sirfosy”+(1—2r,w+r2)[(1+cog o)t — 4 coyw?— 1uyV]}.
n

(2.29

In Egs.(2.25 and(2.26) the functionsr, 7' =d7/dw, and %
are all evaluated atv=1, and the functions with a hat are

of the excitedD meson, while the superscripts refer to the normalized tor(1) [e.g., 7=7;/7(1), 7'=7"/7(1), etc].

order in thew—1 expansion. The(" terms proportional to

cos only affect the lepton spectrum, since they vanish wherPansion. Thei(" terms are suppressed

integrated ove.
Equationg2.2), (2.20), and(2.21) yield the following ex-
pressions for the coefficients in tH2; decay rate in Eg.

(2.29,

S0=32:2(1—11)%(A' —A)2+...,
S{V=382,(1-r2)(A = A)+...,

siP=8(1+ry)%+...,

t{0=3262(A' —A)%+...,

=4+ 8e [A(A' — A) + o= 2 71— 373]+8ep o+ -,
t2=8(1+7)+...,
UQ=8e (A —A)+...,
ub=2+.... (2.25

For the decay rate int®3 the first two terms in thav—1
expansion are

S =4(1—1,)2[1+2epp+ 2ec(The— 271+ 7)1+ ...,
S5V =4(1-rp)%(1+27) +...,

t)=4+8ey 7+ 8eo( e 271+ 73) ..,

M =2(3+47")+...,

WO=24 .

(2.2

The ellipses denote higher order terms in o/Mg ex-
w<—1 compared
to s(" andt(", therefore we displayed th&s to one lower
order than thes andt coefficients[Note thatu{”) also starts
out at orderA ocp/Mg as a consequence of the vanishing of
fy,(1) in themg—ce, limit, as it was shown fos{" after
Eqg. (2.23.] o

The order Agcp/mg terms proportional toA’— A are
very significant for theD, decay rate. The decay rate into
D% does not receive a similarly large enhancement from or-
der A gcp/Mg terms proportional ta\” — A. The coefficients
st andt{" are independent o’ and A to the order dis-
played in Eq.(2.26).

The values o&{” andt{”) are known to orden5cy/mg,
ands{) andu{®) are known to orderA?CD/m . At order
Agep/Mg, the only unknowns in{™, i, 1) are they,
functions that parametrize corrections to the HQET Lagrang-
ian. The remaining coefficients in Eq2.25 and(2.26) (i.e.,
s, 12, u®, st ul®) are known in the infinite
mass limit in terms of’ (1), theslope of themg— e Isgur-
Wise function at zero recoil. At ordekocp/mMg, these six
coefficients depend on the unknown subleadifigand #;
functions.

The values ofr’, 7{? and 7, , that occur in Eqs(2.25
and (2.26 are not known(r; only appears in the terms re-
placed by ellipses 7{2;, which parametrize time ordered
products of the chromomagnetic operator, are expected to be
small (compared toA ocp), and we neglect them hereafter.
This is supported by the very smdli; —D; mass splitting,
and the fact that model calculations indicate that the analo-
gous functions parametrizing time ordered products of the
chromomagnetic operator f@— D *)ev, decays are small
[22]. On the other hand, there is no reason to expggtand
79 to be much smaller than about 500 MeV. Note that the
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large value for\ ; is probably a consequence of thg and  decay rates. Furthermore, a linear form for the Isgur-Wise

D% beingP-waves in the quark model, and does not necest”tCti_O:‘ is ;}SeS/{Jmet/iT(WF T(lt)_[1+_3"(W— 1)]-t _Thg bunih

0 — : certainty in Mg corrections is parametrize e
sarily imply thatO(k%).&grggl)cantly distorts the overlap of functionys . Z(W)?CR erent choice ngl W) changes
wave functions that yieldys’ . . ; . . e

— = . _ what is retained by terms involving/mg andA’/mg. In an

Even thoughe (A’ —A)=0.14 is quite small, the order spnroximation, which we shall refer to as;Bwe set
Aqcp/mg correction tot(ll) proportional toe,(A'—A) isas  r,=7,=0 in Egs.(2.20 and (2.21). [This is identical to
large as the leadingng—o contribution. This occurs be- saturating the first two relations in E@.13 by 71}, i.e.,
cause it has an anomalously large coefficient and does neetting 7{”=Ar and 7= —A’7.] An equally reasonable
necessarily mean that thegcp/mg expansion has broken approximation, which we refer to as,Bis given by setting
down. For example, the part of th‘eéCD/mg correctionsthat 7 =Ar and,=—A'7in Egs.(2.20 and (2.21). [This is
involve A’, A, and ' (1) affects{) by (21+107')%, and identical to settingr{’)=0.] If the first two relations in Eq.
t(ll) by (44+ 157')% (using A=0.4 GeV[7]). These correc- (2.13) are taken as hints to the'S|gns 7af and 2, then the
tions follow from Eq.(2.20, but they are neglected in Eq. difference between approximations Bnd B gives a rough

. S estimate of the uncertainty related to the unknoWgp/mgq
(22'23 ("28" approximation A because there are other order corrections. When our predictions are sensitivetand 7,
Ajen/mg effects we have not calculated.

e ) ) we shall vary these in a range larger than that spanned by
As the kinetic energy operator does not violate spin Symypnroximations Band B,. Note that the infinite mass limits
metry, effects ofp() can be absorbed inteby the replace- of B, and B, coincide. Predictions of approximation A are
ment of 7 by 7= 7+ £, 7{9 + £, 7{Y) . This replacement intro-  within the spread of the approximation B results, except for
duces an error of ordex5cy/m3, intf", etc. But due to the  those that depend on the helicity zedq rate. In that case,
presence of largeAqcp/Mg corrections, the resulting including the order {—1)* term in the infinite mass limit
Ac/m} error is also sizable, and is expected to be morealone, s{¥=8(1+r,)?(1+27'), would bring the approxi-
like an orderA ocp/mg correction. Hereafter, unless explic- mation A results close to approximation B. For this reason
itly stated otherwise, it is understood that the replacemenapproximation B should be used when comparing with ex-
7—7 is made. But we shall examine the sensitivity of our periment.
results toz,. (assuming it has the same shaperas Equations(2.25 and (2.26 show that the heavy quark
In approximation A we treaty— 1 as order\ ocp/Mg [2],  expansion foB decays into excited charmed mesons is con-
and keep terms up to ordefcp/Mg)? " in s andt{”  trolled by the excitation energies of the hadrons,and A.
(n=0,1,2) in Eq.(2.25, and up to orderz(sQCD/mQ)l‘“ in For highly excited mesons that hawe comparable tan,,
st andt$” (n=0,1) in Eq.(2.26. Since theu™ are sup-  the 1ig expansion is not useful. For the'=3" doublet
pressed by/w?—1 compared t" andt("”, we keepu(” o A"—0.3. However, near zero recoil only,(A’—A)
to one Iowelrit?]rderihan theandt coefficients, i.e., to order (.14 occurs at ordeh ocp/Mo - .
(Aqep/mg)~" (n=0,1) for B—D, decay and order  The expressions for the decay rates in terms of form fac-
(Agcp/Mg)" (n=0) for B—D3 decay. The terms included tors in Eq.(2.2) imply that one form factor dominates each
in approximation A are precisely the ones explicitly showndecay rate near zero recoil, independent of the helicity of the
in EqS-(2h25) ﬁnd (2k2@- T?iS power co(ljmting has the ad- p, or D} (fy, for Dy andk,, for D3). Thus, to all orders in
vantage that the unknown functions, and r,, do not enter o 0)+(0)— (1 \2 0)/4(0
the predictions. Neglecting higher order terms in the—1 t_he AQCDémQ ex'pan:';mn,.s(l M= (112, and s
expansion in approximation A gives rise to a sizable error for._ (1=rz)" (A:'I:)r)ns |mpll(?;;|:l;[hat for B-D, decay
the B—D,ev, decay® The order (v—1)° term is important limy,—,[(dl'p) /dW)/(dFle ldw)]= 1/2'7 and  for
for the decay into helicity zerd, in themg— o limit, since ~ B—D3 decay an[(drg;-m/dw)/(drgg'-1>/dw)]= 2/3.
the hel!c!ty zero ratéwhich, as we shall see,zdommates OVeT\ote that the first of these ratios would vanish
the helicity one ratestarts out at orden(—1)“ as shownin .o ~~iculated in theng—c= limit. In that casefy, (1)

Eq. (2.23. " _ o .
In approximation B we do not expand the decay rates in_ 0 SC the ratio of helicity zero and helicity o@D,

powers ofw—1. We keep the\ ocp/Mq corrections to the rates is determined by the other form factors at zero recoil.
form factors that involveA’ and A and examine the sensi-
tivity of our results to the corrections involving; and 7,
(assuming that they have the same shape aich is not a The relationship betwees{” and s{"’ implies a model
strong assumption This approximation retains some order independent prediction for the slope parameter of semilep-

A2./m3 terms away from zero recoil in the differential tonic B decay into helicity zerd®,. This holds independent
QC Q . . . .
of the subleading Isgur-Wise functions that arise at order

Aqcp/Mg . The semileptonic decay rate to a helicity z&rp
meson is

if the rates

Predictions

SApproximation A differs from our discussion in Ré2] only in
the separation of the different helicity states of the excited charmed ng‘zo) 28 o
mesons, and keeping the-Rrw+r? factors for the helicity one LR — Tord(1- rl)szz(l)gﬁ(/\' —A)?
states as well as thavf— 1)%? terms for theD? rates unexpanded. dw 3

SWe thank A. Le Yaouanc for pointing out the importance of
these terms.

X[l—ple(W— 1)+...], (2.27
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TABLE Il. Predictions for various ratios d8— D,ev, andB— D} ev, decay rates, as described in the
text. The extracted value af(1) is also shown. A and B, denote themg— o limits of approximations A
and B. These results correspondro= 7' (1)/7(1)=—1.5.

. 6.0x107% %2
. =T (0=0) T g P
Approximation R=I'py /o, I'p, "o, b; D B(B—Dieve)

A. 0.93 0.88 0.64 0.92

B.. 1.65 0.80 0.66 1.24

A 0.40 0.81 0.64 0.60

B, 0.52 0.72 0.63 0.71

B, 0.67 0.77 0.64 0.75

where the slope parametﬁﬁ,1 for helicity zeroD; has the The predictions in Table Il also depend on the shape of the
value Isgur-Wise function. In our approximations this enters
through the slope parameter,=7'(1)/7(1), which is ex-
147, 2m pected to be of order-1. We.shall quote results f'or.the
p3 =— t o O(1). (2.28  “central value” 7' =—1.5, motivated by model predictions
1 1-rp AT A [23-26, and discuss the sensitivity to this assumption. For
B—D,ev, decay we user;=0.459 and XKw<1.319,
Since the decay rate at zero recoil is supprespgd,is of ~ Whereas foB— D3 eve decayr,=0.466 and kX w<1.306.

ordermq /A oep. Note that this slope parameter is negative.ingThe orderA ocp/ Mg corrections are important for predict-
Recently the ALEPH15] and CLEO[16] Collaborations

measured, with some assumptions, Bre D, ev, branching R B(B—Djev,) (230
ratio. The average of their results is ~ B(B—Dqery) :
B(B—Djeve)=(6.0+1.1)x10 3. (2.29 In the mg—o limit R=1.65 for 7/ = —1.5 (this is the B.

result in Table I). The sizable difference between approxi-

The B— D% ev, branching ratio has not yet been measuredmations A and B is mainly due to the ordew{ 1)* contri-
CLEO set the limitB(B— D3} ev) < 1% [16], while ALEPH bution to the heliqity zerd rate. Fpr%’= —1.5 this term
found B(B— D3 €vg) <0.2% [15]. by itself would shift the approximation A result fét from

Predictions for various quantities of experimental interesl?\"‘o t/?no.dcf:?)rfrigcolict)zetfFrzzoi‘lc()::lrgnf;rc?cr)?soi/igjdtoa1Ifr§éTsrl]ﬁ)
are made in Table 1l using A’~A=0.39GeV, pr%ggionQOfR as shown in Table Il and Fig. 1a. Figure la
A=04GeV, m;=1.4GeV, my=4.8GeV, 75=1.6ps, 350 shows thaR is fairly insensitive tor'. The difference
[Vep|[Vep| =0.04. At the present time there is considerableof the B, and B, results in Table Il and Fig. 1a shows tHt
uncertainty inA, andA’ — A also has uncertainty associated is sensitive to the unknown ocp/Mg corrections,r; and
with the value ofmg. In the future these quantities may be r,. In Fig. 1b we plotR in approximation B as a function of
better determined. Keepinmg,—m, fixed and varyingn. by 7, setting7,=0 (solid curve, and as a function of, setting
+0.1 GeV only affects our results at the few percent level.7; =0 (dashed curve Figure 1b shows tha is fairly insen-

2 — : ‘ N _ .
L5 [t ]
0.75
e e
wlr ] .
I :
a o
""""""""""""""" 05
0.5k .
I L L . Lo L L
% 05 1 15 2 02)75 05 025 0 025 05 075
@ v (b) % GeV)

FIG. 1. () R=B(B—D}ev,)/B(B—D,ev,) as a function ofr’. The dotted curve is theng— 0 limit (B..), solid curve is approxi-
mation B, dashed curve is B (b) R as a function ofr,(= 7, /7) for 7,=0 (solid curve, and as a function of, for 7,=0 (dashed curve
Note that the scales ifa) and(b) are different.
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FIG. 2. (a) The extracted value of(1) as a function ofr’ in approximations B, B;, and B,. The notation is the same as in Figall
(b) The dependence af1) on 7, for 7'=—1 (dashed curve 7' = — 1.5 (solid curve, 7' = —2 (dash-dotted curye

1/2
=0.71. (2.31)

sitive to 7,, whereas it depends sensitively ef). In the

range —0.75 Ge\K 7,<0.75 GeV, R goes over 0.2ZR (1)
<1.03. This suppression & compared to the infinite mass

limit is supported by the experimental dafé. is possible

that part of the reason for the strong ALEPH boundThe extracted value of(1) is plotted in Fig. 2a in approxi-
B(B—D3eveX)x B(D5—D)7)<(1.5-2.0)x10"® [15]  mations B,, B;, and B, as functions off’. The suppression
is a suppression of B(D5—D)x) compared to of (1) compared to the infinite mass limit indicates that the
B(D;—D"7).] order AQCD/mQ corrections enhance the semileptonic
The prediction for the fraction of helicity zerd,’s in ~ B— D1 width by about a factor of three. In approximation B
semileptonic B—D, decay, T®=%/Ty., is surprisingly the value ofr(1) changgs by less than 0.01 BSiS varlepllm
. ) Jro ot the range—0.75 Ge\K 7,<0.75GeV, but 7(1) is sensitive
stable in the different approx_lmelno_r(see Table |)| Th? to 7, at the 15% level. In Fig. 2b we pla{1) as a function
weak ere_ndence of th|§’rat|o ar is yvell descrlbgc’i N o 7, for 7 =—1 (dashed curve 7' = — 1.5 (solid curve,
approximation B for11.5+_ 7'|<1 by adding 0.05(1.5 7). and 7' = —2 (dash-dotted curye For r,>0 (such as ap-
The dependence om; is at the 0.01 level, while the proximation B) (1) is enhanced compared to the Balue

7,-dependence is-0.077,/GeV. This is why the B result of 0.71.
for this quantity is 0.05 lzir(%er than the, Bprediction. A The value of«(1) in approximation B is larger than that in
linear dependence of m)f /dw)/(dl'p /dw) on w be-  4nhroximation A. Most of the difference arises from the in-
tween lim,_,[(dl'§~¥/dw)/(dl'p /dw)]=1/3  and clusion of the ordery—1)° term,s{®, which reduces the
[(dr8=%7dw)/(dl'p /dw)]=1 at w=w,,, is consistent theoretical expression for the helicity zeB>-Djev, rate
! ! (for 7' <—0.5), resulting in an increase in the value =ffl)
needed to accommodate the measured rate.7Fer—1.5
this term by itself would shift the approximation A result
from 0.60 to 0.66, and the Aprediction from 0.92 to 1.22.
The Isgur-Scora-Grinstein-Wig¢SGW) nonrelativistic con-
(A=0) ) . stituent quark model predictg(1)=0.54, in rough agree-
ever,FD; /Tpy is sensitive to botiry and 7, at the(10~ \nant with Eq.(2.31) [23,19.. (For some other quark model
20% level, and the small difference between theddd B, predictions, see, e.g., RéR5, 26. QCD sum rules can also
predictions for this quantity in Table Il is due to an acciden-be used to estimate see, e.g., Ref24].)
tal cancellation. The prediction for the dependence of The ALEPH and CLEO analyses that yield E@.29
(d]“(‘:o)/dw)/(dFD; /dw) between lim, ,[(dT% %/dw)/  assume thaB—D;evX is dominated byB—D,ev,, and

6.0<10°3
B(B—Deve)

with our result.

A similar prediction exists for the fraction of helicity zero
D3’s in semileptonicB—D3 decay. As can be seen from
Table I, it is again quite stable. The dependencerbrin
approximation B is given by adding 0.04(%*5'). How-

b3 D} e . :
_ (=0) _ thatD, decays only intd>* 7. If the first assumption turns
(dl'py /dw)] =2/5  and [(dFD; law)/(dl'py /dwW)]=1 4t to be false then(1) will decrease, if the second assump-
at w=w,,, in this case is not linear. tion is false thenr(1) will increase compared to Eq42.31).

The predictions considered so far do not depend on the The predictions discussed above would change if we had
value of (1), but (1) affects some results that we discussnot absorbed inta the time ordered product involving the
later. 7(1) can be determined from the measuie-D,ev,  Kinetic energy operator. As discussed earlier the para-
branching ratio using the expressions in E¢.24 and graph preceding the description of approximation the re-
(2.25. Using approximation Band 7' = —1.5, we obtain  placement ofr by 7= 7+ & .79 + &, 7{2) introduces an error,



318 LEIBOVICH, LIGETI, STEWART, AND WISE 57

TABLE Ill. Order as and ag(Aqcp/Mg) corrections to the predictions in Table II fot = —1.5. These
numbers should be multiplied hys(ym.my)/ 7 to get the corrections to Table .

o) 57(1)[ 6.0x10°3 |2

* (A=0) *_ " _—

Approximation &FDz /FDl) &rDl /rDl) (S(FDz IFDZ) B(B—Djeve)
A, —0.68 0.10 0.02 —-0.26
B. —1.63 0.19 —0.003 -0.32
A —-0.22 0.04 0.05 —-0.24
B, —-0.55 0.06 -0.02 -0.32
B, —-0.68 0.07 —0.05 —-0.33

which is formally of orderA3cy/ma. Absorbing7e into r  Sensitively onr’, but they remain small for 6 7'>—2. For
almost fully eliminates they,, dependence of thB} rate. ~ the remainder of this paper, we neglect the smaltorrec-
For theD, rate, however, absorbing, into 7 generates at 1ONS- - . H il Horential
orderAéCD/mé a formally suppressed but numerically siz- Our  predictions or the single differentia

. . ; B—(D,,D%)ev, spectra follow from Eqs(2.24), (2.25,
able »,, dependence. Thig,. dependence is more like a and (2.26. dr'/dw is given by integrating Eqs(2.24) over

typical Agcp/Mmg correction, since the\gcp/Mg current dcosh. This amounts to replacements ZXin-4/3
corrections are asAimportant as the infinite mass limit for thet1 +c-o§0)—>8/3 and co6—0. Thus d'/dw is trivial to ob:
D, rate. Keeping7_7(kg): 7/_(k2)/7 explicit in the reszults, the  tain using either approximations A or B. The electron energy
total B—D; sAe(rCr)uIeptonlc rate in units 01}:07 (1) i gpectra are obtained by expressingdivsterms ofy (where
0.033(1+ L.lecpye +...), while the B—D; rate is y—_2F /mjgis the rescaled electron enefgysing Eq.(2.3),
0.017(1+2.0e 79 +...). From these expressions it is evi- and integratingw over [ (1—y)2+r2]/[2r(1—y)]<w<(1
dent that, for—0.75 GeW7,<0.75GeV, 7(1) changes +r2)/(2r). They depend on the coefficiern§” which did
only by =15%, whileR has a larger variation. In the future not enter our results so far.
this uncertainty will be reduced if differential spectra can | Fig. 3 the electron spectrum f&— D, €ev, is plotted in
also be measured besides total rateBinD;, D3 decays. units of I'y72(1). Figures 3a and 3b are the spectra for he-
Note that 7. does not enter into predictions for the jicity zero and helicity oneD,, respectively. In these plots
B—D,ev, decay rate near zero recoil. 7'=—1.5. The dotted curve shows they— limit (B..),
Order a corrections to the results of this section can bethe solid curve is approximation,B the dashed curve is,B
calculated in a Straightforward way, using well-known metr\-Note that the kinematic range foris O<y<1-— r2. Near
OdS. Details Of th|S CaICUIation are giVen in the Append|Xy:0 andy: 1_r2 the Spectrum iS dominated by Contribu_
The orderas corrections to the results shown in Table Il are tions fromw nearw,,. In this case, we expect sizable un-
given in Table lll. These are smaller than the uncertainty incertainties in our results, for example, from unknown terms
our results from higher order terms in thgycp/Mq €xpan-  that occur in thai™ terms in Eq(2.25 at a lower order than
sion that have been neglected. The corrections are most Sigs the s andt coefficients. Figure 3 shows the large enhance-
nificant for R=I"ps /I'p, and 7(1) in approximation B; the  ment of theD, rate due to orden o¢cp/Mg corrections, and
central values of these quantities are reduced by about 9%hat the difference between approximations &d B, is
and 4%, respectively. Some of thesg corrections depend small compared to this enhancement. In Figs. 4a and 4b we
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FIG. 3. Electron spectrum f@— D, €ev, in units of I'y72(1) for 7 = —1.5.(a) and(b) are the spectra for helicity zero and helicity one
D,, respectively. Dotted curves show thg,—c limit (B..), solid curves are approximatior, Bdashed curves are,B
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FIG. 4. Electron spectrum fd— D% ev, in units of I'y72(1) for 7’ =—1.5. The notations are the same as in Fig. 3, but the scales are
different.

plot the electron spectrum fd@— D} ev, for helicity zero

(Dg(v")|V¥B(v))=0,
and helicity oneD3 , respectively. In this case thegcp/mg
corrections are less important.

(D5 (v")|A*B(v))
> =g, (vF v M) +g (v —v'H),
_ _ \/Mp*xMg
ll. B—DZew, AND B—D?*ev, DECAYS 0

The other low lying states above ti¥") ground states (D7 (v',e)|V#B(v))

occur in a doublet witls” = 3 *. These states are expected to \/m =0y, +(gy,v*+gy v #)(e* v),
be broad since they can decay ifBd™ )« in an S-wave, !

unlike theD; and D% which can only decay in ®-wave.

(An Swave decay amplitude for th®, is forbidden by (PI(v’.e)|A*[B()) .~ . |
heavy quark spin symmetr|3].) This section repeats the \/m ~19a8T eV BU s
analysis of the previous section for these states. Since the 1

notation, methods, and results are similar to those used in
Sec. Il, the discussion here will be briefer.

(3.9

whereg; are functions ofw. At zero recoil the matrix ele-
The matrix elements of the vector and axial currents bements are determined by, (1) andgy,(1). In terms of
tweenB mesons an®g or D} mesons can be parametrized these form factors the double differential decay rates for
by

B—D§ev, andB— D7 ev, decays are

T o+
0 .
Twdeog 3 ord (w2—1)¥2 sife[(1+r5)g. —(1-r5)g-1%

dZFD*
deCOlgg =30or Vw2 —L{sifo[(w—rT)gy, + (W= 1)(gy,+ 1] gv,)]*

+(1-2rfw+ri?)[(1+coSO)[ gy, + (W~ 1)ga]— 4 cogh\w’ — 1gy, gal}-

(3.2
|
where T o=G2|Vp|?m3/(1927°), rg=mpx/mg  and < 1+ - . 33
r’{szI/mB. v 2 v Y5Yu vl .
We follow the previous section to obtain expressions for

the form factorgy; in terms of Isgur-Wise functions to order

Aqcp/Mg . The fieldsP, and P} # that destroy members of This matrixK satisfiess K, =K,=K,#. In the infinite mass
the s'=3" doublet with four-velocityv are in the 4<4

matrix

limit matrix elements of the leading order current operator
are[19]
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hETh® = ¢(w) Tr {K, TH,}. (3.4

Here ¢(w) is the leading order Isgur-Wise functioid is
twice the functionry;, of Ref. [19]). Since the D§ ,D7})
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We use Eq(3.9 to eliminate® and ¢ in favor of £{9
and/{.

There are also ordeY ocp/Mg corrections to the effective
Lagrangian, given in Eq(1.4). Time ordered products in-

states are in a different spin multiplet than the ground stateyolving O, can be parametrized as

g+(1)=gvl(1)=0 in the infinite mass limit, independent of

{(1).

The order Aqcp/Mmg corrections to the current can be

parametrized as
hiDThP =THSEK, TH,},

hOTIDh =Tr{SPK, TH,}. (3.5

This is the analogue of E@2.8), except that in the present

case

S(Q)_fl Ux+§(2Q)UA+§(Q) (3.6

The functionsz{?(w) have mass dimension one. The heavy

quark equations of motion yield

Wi+ 857+ 570,

{0+ wi - =0, 37
Equation(2.11) implies S§\°)+$§\b)=(A_v>\—P‘v)’\)§, which
gives three more relations

{0+ 4P =1z,

6+ =R

(9+¢P=0 (3.9

These relations express th)’s in terms of the/{”’s. Com-
bining Egs.(3.7) with (3.8) yields

—= —
(C)__WA A

2 w+1 =2,

=" ey

(3.9

At zero recoil, onlyggQ) can give a non-vanishing contribu-
tion to the matrix elements of the weak currents in 831).

It is determined in terms oh* — A and{(1), since Eqs(3.8)
and(3.9) imply that

*

d*XT{O ,(x)[hEThP](0)}=xi& Tr{K, TH,},

kin,v’
X)[NOTh®1(0)} =& Tr{K, TH,}.
(3.11)

These corrections do not contribute at zero recoil. The chro-
momagnetic corrections have the form

jd&nowv

i f d*xT{O"

magp

,0[hETh(](0)}

149’
5 TH, [,

i f d*T{O,, (O[S Th®1(0)}

= Tr[ REK, i

o 1+ a8
=T RopKy I’ —— 5 ic%PH, . (3.12
In this case the most general form By is
Rup=X VeVt X 0a¥s: RuB=X Va¥p T X5 0075
313

At zero recoil the contribution ofy’?) vanish because
v.(1+8)c*P(1+8)=0, while that ofx{? vanish because
(1=9)vayp(1+96)=(1=4)(vavp— vpva) (1+9).

Using EQs.(3.5—(3.12), it is straightforward to express
the form factors g; parametrizing B—D}ev, and
B— D7 ev, semileptonic decays in terms of Isgur-Wise func-
tions. The orden ocp/My, Lagrangian corrections arise only
in the combinationy,= X(b)+6x(b) 2(W+1)X(b). Drop-
ping thec superscript frony{® and x{°, we obtain

WA* —A]
g+=¢¢ 2(W—1)§1—3§W
A*(2w+1)— A(W+2)
—&p Wl {=2(w—=1){4q |,
g-={+exetbx1—2(W+1)xo]+epxp-
(3.19

The analogous formulae f@— D% ev, are

((1)=-¢P)= Z(1). (3.10
A*—A A*(2w+1)— A(w+2)
gA:§+£c §+Xke_2X1 —&p W+1

Ov, = (W—1){+ e (WA*

— M)+ (W= 1) (xke— 2x1) ]~ ep{[A* (2W+ 1) — A(W+2)]{— 2(W?—

{—2(W—1){1— x|

D= (W=1)xp},
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Ov,=2&¢({1 x2),

* _

A*(2w+1)— A(w+2)
w+1

{+281+ Xke= 2X17F 2x2| T+ &p

Ov,= ~ ¢ &c {=2(W=1){1= Xxp|- (3.19

w+1

These equations show that at zero recoil the leading contributiog@ltanngr of order A gcp/Mq are determined in terms
of A* —A and {(1). Explicitly,

3 -
9. (1= (scte)(A* ~A) (1),

Ov,(1)=(ec—3ep) (A* — A)¢(1). (3.16

For approximation A we shall again expand the double differential decay rates i(3.Bgin powers ofw—1:

dZF D*

0

Gwdoog ~ 3o (Mg (W= 1)%2 sif o> (w—1)"sg”, (3.17)

dZF D‘I

Gdoog ~ 3TodA(L)ri*Vw?— 1Y, (w—1)"sirPos" + (1—2rfw+rf?)[(1+coo)t" — 4 copyw?—1u"]}.
n

The coefficients for the decay rate inbf are the B—Dg decay rate receives a large enhancement from
o R R R R Aqcp/Mq corrections, similar t8— D .
sp)=(1-r§5)2[1+2ec(Xket 6X1~4X2) T 420X0] In approximation A,B—D?* is treated the same way as

B—D;, in Sec. II.B—Dj is treated aB—D3% in Sec. Il
since these rates contain an additional factowéf 1. Ap-
proximation B is also very similar to that in Sec. Il, except

+3(ec+ep) (LT3 (A  —A)+...,

sgV=2(1-r§)% +... . (3.18  that in the present case there is only one unkndwgp/mq
) . o Isgur-Wise function{; (once time ordered products involv-
For the decay int®] the coefficients are ing the chromomagnetic operator are neglected, and the ma-
© ) 2 o trix elements of the time ordered products involving the ki-
S; =(e8c=3ep)(L-r) (A" =A)"+.., netic energy operator are absorbed into thg— Isgur-
. Wise function,?). In approximation B we set{;=0 in Egs.
siV=—2(g,—3ep)(L—r¥3)(A* —A)+..., (3.14 and(3.15. This is identical to saturating the first re-
lation in Eq.(3.8) by £{”, i.e., setting/{” = AZ. In approxi-
sP=(1+r$)%+..., mation B, we set{;=A{ in Egs.(3.14 and(3.15), which is
o identical to setting’{” =0. To the extent the first relation in
9= (g,—3ep)A(A* —A)?+..., Eq. (3.8) can be taken as a hint to the signéaf, the differ-
o ence between approximationg Bnd B, gives a crude esti-
t<11):2+4(gc_38b)(/\*_A)+48c(;(ke_ 2x1) mate of the uncertainty related to the unknowgcp/mgq
R corrections.
+4epxpt-.., As in the previous section, the expression for the decay
. rate in terms of form factors in Eq3.2 implies that
t2=2(1+27)+..., SOt =(1-r%)? to all orders in the\ ocp/ Mg expansion.
o Thus the ratio of helicity zero and helicity on@— D7
u(1°)=(8c—3sb)(A* “A)+..., decay rates at zero recoil is l\i\m,l[(dl“l(;;o)/dw)/
(IN=1) _
dr . “/dw)]=1/2.
uM=1+.... (3.19 (dl'py )]
Note that at zero recoil and at order-1 the contributions Predictions

to D} decay proportional to\* — A depend on the anoma- A model independent prediction similar to that in Sec. Il
lously small combinatione.—3e,~0.05GeVy. Thus can be made for the slope parameter of semileptBrdecay
Aqcp/Mg corrections enhancB— D7 by a much smaller into the helicity zerdDy . We write the semileptonic decay
amount than they enhan8-— D, decay. On the other hand, rate into the helicity zer®? as
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TABLE IV. The first two columns show semileptori&branch- To obtain even a crude absolute prediction for the
ing ratios intoD} andD?* normalized toZ?(1) times the measured pg_,p* ’ 3 rates, a relation between '[|$§'=l+ and%*

. . T H [ ! 2
branching ratioB(B—D,ev) =0.6%, assuming’={"(1)/{(1)  |sgur-Wise functions is needed. In any nonrelativistic con-
=—1. The sum oD} + D7 rates relative td8— D, is in the third

. S X - stituent quark model with spin-orbit independent potental,
column, using the nonrelativistic constituent quark model predlctlonand 7 are related by25,19

in Eq. (3.22 and7'=—1.5.

_ _ w+1
B(B—Dgev,) B(B—DJev) f(w)= (W), (3.22
Approximation 72%(1)x0.006 /?(1) X 0.006 Tog+o1/To, V3
A. 0.30 0.66 1.07

since both of these spin symmetry doublets correspond to

B.. 0.33 0.46 1.61 L=1 orbital excitations. This implies
A 1.03 0.65 0.80 : 1
B, 1.11 0.44 1.03 D=2 1) Feiin 39
B, 0.85 0.53 1.05 (@) V3 M), =g 323
(x=0) In the same approximationje= xxe- "

dFDf Predictions for theB semileptonic decay rate into the
aw =4Tor13(1—r})2VW?=17%(1)(ec—3ep)? states in thes™ = 3* doublet that follow from Eq(3.23 are

o shown in the last column of Table I\fFor this quantity,
X(A*—A)[1- p;*(w— H+...]. (3.20 approximations B(i =1,2) contain a somewhat hocinput

! of combining theB; prediction in Sec. Il with the Bpredic-

tion for B—D} , DY .] For 7/=—1.5, the;* doublet con-

The relationship betweest” ands{" implies that the slope  tributes about 1.8 B(B— D,6vg)~0.6% to the totaB de-

parametepzD* for helicity zeroD?Y is cay rate. Varyingr; , and £y in approximation B results in
! the range (0.6 1.7)X B(B—D;ev,) for the sum of theD
,  1+r} 2 and DY rates. This combined with our results for
Ppx= " —+0(1). (3.2) R=TI'px /Tp, in Sec. Il is consistent with the ALEPH mea-
1 1-r7 (ec—3ep)(A*—A) 2 !

suremenf15] of the branching ratio for the sum of all semi-

) ) . leptonic decays containing @*)# in the final state to be
As in Sec. Il this slope parameter is of ordep/Aqcp- It (2.26+0.44)%.

would be very hard experimentally to test this model inde-  The semileptonic decay rate inBbandD* is about 6.6%
pendent prediction, since th2] is expected to be of order of the totalB decay ratg9]. Our results then suggest that the
100 MeV broad, and also becausg- 3¢y, is so small. six lightest charmed mesons contribute about 8.2% oBthe
Predictions for theB—Dgev, andB—D7Yev, rates are decay rate. Therefore, semileptonic decays into higher ex-
shown in the first two columns of Table IV, normalized to cited states and non-resonant multi-body channels should be
£2(1) times the measure— D, ev, rate. These results are at least 2% of thé8 decay rate, and possibly around 3% if
obtained using’ = —1, andA* — A=0.35 GeV correspond- the semileptoni® branching ratio is closer to the LEP result
ing to 1<w<1.33. This value ofA*—A has at least a Of about 11.5%. Such a sizable contribution to the semilep-
50 MeV uncertainty at present, as it follows from mode|t0niC rate from hlgher mass excited charmed mesons and
predictions for the masses of tls§'=%+ charmed mesons, non-resonant modes would soften the Ieptor_1 spectrum, and
mE ~2.40 GeV[27], and from the fact that? =} in non- may make the agreement with data on the inclusive lepton
relativistic quark models with spin-orbit independent poten—sficmi\r/n V;/grsﬁ 'nOf coubrste,r;[tr; e"d(?fc %y rgtensr t:) tt:/? tl?%éad Kk
tials. Although theD7} state is expected to be somewhatsaes ou'd change stibstantiaty © honrelativistic qua

. . i . model prediction in Eq(3.22 is wrong. Semileptoni® de-
heavier than theD , we use the kinematic range<W 5y rate 1o the six lightest charmed mesons could add up to

<1.33 for both decays. The results in the first two columns;|gse to 10% iff were enhanced by a factor of two compared
of Table IV are quite sensitive to the value fand{;. In to the prediction of Eq(3.22). However, model calculations
approximation B, for example, B(B—Dgeve)/[{*(1)  [26] seem to obtain a suppression rather than an enhance-
X 0.006 changes from 1.92 at'=0 to 0.54 at{’=—2.In  ment of{ compared to Eq(3.22. Thus, taking the measure-
the same range on’, B(B—D*evy)/[£?(1)x0.0060  ments for theB—D, D*, andD, semileptonic branching
changes from 0.72 to 0.24. The effectigfis also important; ~ratios on face vaIue,_a decomposition of the semilep_tonic rate
in the range—0.75 Ge\/<21<0.75 GeV, theD} and D* as a sum of exclusive channels seems problematic both in
branching ratios change from 1.68 to 0.66 and 0.30 to 0.63/9Nt Of our results and the above ALEPH measurement for
respectively. Therefore, even ifwere known from models the sum of all semileptonic decays containing @ in the

or lattice calculations, there would still be a factor of two final state.

uncertainty in the theoretical predictions for the semileptonic

B—Dg andD7 rates; but the uncertainty in the sum of these

two rates is smaller. ’A relation betweenr; , and ¢, may also hold in this model.



57 SEMILEPTONICB DECAYS TO EXCITED CHARMED MESONS 323

IV. OTHER EXCITED CHARMED MESONS the decay into the lightest state with the same quantum num-
AT ZERO RECOIL bers)

. . . In the mg— < limit, the zero recoil matrix elements van-
In the previous two sections matrix elements of the weak

1
vector current and axial-vector current betweeB aneson ish by heavy quark symmetry. .For the.excnsﬁ 2
q ited ch q T3+ andi* states, theng— o Isgur-Wise functions vanish at zero recoil
and an excited charme _mesons V\Bﬂl'_ 2 an_ 2 guan- due to the orthogonality of the states. The matrix elements
tum numbers were considered. Here we consider such matrix . s™# 1" states vanish at zero recoil due to spin sym
! -

elements at zero recoil for excited charmed mesons with ' )
others" quantum numbers. Only charmed mesons with spi metry alone, and therefore the corresponding— Isgur-
4 : y PMyjise functions need not vanish at zero recoil.

zero or spin one can contribute at this kinematic point. The Using the same methods as in Secs. Il and IIl, it is
olarization tensor of a spin state is rankn, traceless and ; ot ’
gymmetric in its indices and vanishes if it is contracted Withstralghtforward o Sh.OW thalgco/ma Cprrectlons tolthe
. ' . . current do not contribute at zero recoil. For tb§=§‘
the 4-velocity of the state. For matrix elements of the axial- tates. this foll f the h K i f moti
vector or vector current, at least- 1 indices of the charmed St&!€S, thiS Tollows from the heavy quark equation of motion.

meson polarization tensor are contracted with the four ~ FOr thes/'=3" states, the\ ocp/mq corrections to the cur-
velocity of theB meson. Consequently, for>1 these ma- rent can be parametrized similar to E¢8.8) and (2.9). In

trix elements vanish at zero recoil, where=v . In this sec-  this case the analogue Bf' in Eq. (2.9 satisfies/ F;/=Fy
tion we work in the rest framey=v'=(1,0), and four- = Fo¢. Recall that thergQ)gU)\ in Eq. (2.9 was the only
velocity labels on the fields and states are suppressed. term whose contribution at zero recoil did not vanish due to

For spin zero and spin one excited charmed mesons, tH8€ v,F;=0 property of the Rarita-Schwinger spinors.
possible spin parities for the light degrees of freedom arélere, the analogous term is placed betweensland
s/'=3", 3%, which we have already considered in the 1+4¢’, and therefore also disappearsvatv’.

revious sections. and™ =1~ 2~ In the nonrelativistic It remains to consider tha ocp/Mq contributions to the
previa : 1 2 2 _ 3~ and 2~ matrix elements coming from corrections to the
constituent quark model, the™ states are interpreted as Lagrangian in Eq(1.4). These are written as time ordered

. L *

rﬁd|aliexcnat|ons of_the grqur?d stat® ) douEIet andk products of O{)(x) and O{QYx) with the leading order

1 ed5| itates areL =2 orbl_ta ”excnatlonsd. In bt eb qugr T mo— currentse.g., Eq.(2.16]. At zero recoll it is useful

model, these §tates aﬂrle tg/Plca y expgcte to be broad. '18 insert a complete set of states between these operators.

mass of the lightess"=3" doublet is expected around gince the zero recoil weak currents are charge densities of

2.8 GeV, while the lightest excited states WEIFI'= 3~ are  heavy quark spin-flavor symmetry, only one state from this
7T| — 1-—-

expected around 2.6 Gef27].2 (B decays into radial exci- sum contributes. For thg'=3" multiplet this procedure
tations of thesf';t{ states have similar properties as gives

(D*M(g)|AIB)  —& 1 3| (D*™M(e)[0(90)|D*(¢))
N Mp* (n)Mp (A(n)_A) 2rT]C 2mb VMpx (n)Mp*

NEE ) (D*(M(2)|0}62(0)|D* (&) »
2_mc 2my, VMpx (mMpx @y

and (DONOB) 1 11 ) (D™|0)0)+0)(0)]D)
/mDm)mB B (A7) - 2_mc+ 2 mD(n)_mD . 4.2

Here we have denoted spin zero and spin one members of tirgeak logarithmic dependence on the heavy quark mass in the
exciteds™=1" multiplet by D™ and D*(™ respectively, ~Matrix elements 00,4. For the spin one member of the

! — m_3- ; : *k
and the analogues of by A(™. Heavy quark spin-flavor S —2 mMultiplet, which we denote bp7* ,

symmetry was used to write the effects@f;) andO{)in (D** (2)|A[B)
terms of matrix elements @) andO{),. This neglects the ——————
\/ mD»lc* mg

: —& [ 1) (D¥* ()]0 0)|D*(e))
8The lightest; states may be narrow since decays to q"ﬂe == ( mag( .
1 3~ ; i (A** —A) Mr** M

=3 and3 multiplets are suppressed by the available phase space, p3* Mp

and decays t® ") in an S-wave are forbidden by parity. 4.3

2m,
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TABLE V. Predictions for the ratios of branching ratios, 04 T
B(B—D,w)/B(B—D,ev) and B(B— D% m)/B(B—D,m), using
factorization and assuming = 7' (1)/7(1)=—1.5.
2035 - 8
[
B(B—Dym) B(B—D} ) a
Approximation B(B—Djeve) B(B—Dym) T
[2a]
A, 0.39 0.36 a4
B.. 0.26 1.00 =
A 0.29 0.21 A
B, 0.19 0.41 T
B, 0.20 0.56 g
M 0.15
For thes=3" and 3~ excited charmed mesons, the 0.1 5~ 05 L s -
correction to the Lagrangiadf in Eq. (1.4), gives rise to an &

order Agcp/m, contribution to the matrix elements of the o o _

weak currents at zero recoil. Formulae similar to those in FIG. 5. Factorization prediction fd§(B— D, m)/5(B—Deve)

Egs. (4.1)—(4.3 hold in thes™=1*, * cases, but the cor- 25 & function of7’=7'(1)/7(1). The dotted curve shows the
. . 2z ' - .Mmg—co limit (B..), solid curve is approximation {3 dashed curve

responding matrix elements vanish due to the parity invari;g B,

ance of the strong interaction.

At present there are only crude measurements of the
B(B—D,w) and B(B—D3 ) branching ratios. Assuming
B[D(2420P—D* "7 ]=2/3 and  B[D%(2460)f
—D**77]1=0.2, the measured rates 489]

B[B™—D(2420°%7 ]=(1.17+0.29 X 10 3,

V. APPLICATIONS
A. Factorization

Factorization should be a good approximationBodecay

into charmed mesons and a charged pion. Contributions that
violate factorization are suppressed hyp divided by the
energy of the pion in thé& rest frame[28] or by ag(mg).
Furthermore for these decays, factorization also holds in th
limit of large number of colors. Neglecting the pion mass,
the two-body decay ratd,,, is related to the differential " pe prediction for B(B—D,7)/B(B—D,ev,) in ap-
decay rate Hy/dw at maximal recoil for the analogous semi- nroximation B is fairly independent of; ,, but more sensi-
leptonic decay(with the = replaced by theev, pain. This  tive to 7. The latter dependence is plotted in Fig. 5 for
relation is independent of the identity of the charmed meso>7'> —2. Not absorbingy,. into 7 results in the following
in the final state, weak  dependence: B(B—D;m)/B(B—Deve)*1

. +0.2% et ... . Assuming that the factorization relation

< %)
o,

BB~ —D3(2460°%7 ]=(2.1x0.9 X 10 3. (5.2

A reduction of the experimental uncertainty #{B— D3 )
f needed to test the prediction in the second column of Table

in Eq. (5.1) works at the 10% level foB decays into excited
charmed mesons, a precise measurement oB{Be—D ;)

rate may provide a determination of. The present experi-
mental data3(B— D,#)/B(B—D;er.)=0.2, does in fact
support7’ ~ — 1.5, which we took as the “central value” in

s\ e

ks

)
mar G-

Herer is the mass of the charmed meson dividednby,

Wpax=(1+12)/(2r), andf =132 MeV is the pion decay con-
stant. C is a combination of Wilson coefficients of four-
quark operator$29], and numericallyC |V, is very close

this paper, motivated by model calculations.
The prediction for B(B—D3 m)/B(B—D;m), on the
other hand, only weakly depends @h, but it is more sen-

to unity. sitve to 7,. Varying 7, in the range
These nonleptonic decay rates can therefore be predicted0.75 Ge\K 7, ,<0.75 GeV, we can accommodate almost
from a measurement oflg,/dw at maximal recoil. The semi- any value of3(B— D% 7)/3(B—D,m) between 0 and 1.5.
leptonic decay rate near maximal recoil is only measured folThis quantity depends more sensitively enthan onr,. In
B—D®)ey, at present. The measurd—~D™*) rate is  Fig. 6 we plot3(B— D3 7)/B(B—D,) in approximation
consistent with Eq(5.1) at the level of the 10% experimental B as a function ofr, setting7,=0 (solid curve, and as a
uncertainties. In the absence of a measurement of thginction of 7, setting7,=0 (dashed curve Not absorbing
B—(D;,D3)ev, differential decay rates, we can use our 5, into 7 results in the following dependence:
results for the shape oflg/dw to predict theB—D,7 and  B(B—D3m)/B(B—D,m)*x1+0.7% e+ ... . This ratio
B— D3 7 decay rates. These predictions depend on the semandR depend ory,, and7; . In the future experimental data
leptonic differential decay rates at,,,, where we are the on these ratios may lead to a determinatiorygf and 7, .
least confident thah ocp/ Mg terms involvingA and A’ are If the experimental central value oB(B— D3 ) does
the most important. With this caveat in mind, we find the not decrease compared to E§.2), then it would suggest a
results shown in Table V. huge value for7,, leading to a violation of the ALEPH
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1.25 ———— 1 |§(]_)|2 |7‘(1)|2
F 2 J— =
p >4+ 7 +2 3 0.75. (5.9

—

The contribution of theé * states througl4(1) to this bound,
which relies on the quark model result in E8.22), is only
0.17.

An upper bound orp? follows from an upper bound on
the excited states contribution to the right-hand-side of Eq.

7)/Br(B —» D, ®)
(=]
~J

05 (5.3). This sum rule was first derived by VolosHig1]

T
1— < om_ o ldmOP

8 Z A= *m_ Ay o ST

& 025 2 A % (A A) 4

s ] — o TP
o by e ey e e e by +2 A’(p)_A —+... . 5
975 05 025 0 025 05 075 Ep: ( ) 3 69

%, (GeV)

F1G. 6. Factorizati diction foB(B—D* )/ B(B— D) Here A*(™ andA’(® are the analogues af* andA’ for
. 6. Factorization prediction —D}m —Dy7 . m_1+ 3+ ) .
as a function ofr,(=r,/7) for 7,=0 (solid curve, and as a func- the exiteds;'=>" and 3" states, respectively. Equation

tion of 7, for 7, =0 (dashed curve (5.5 combined with Eg. (5.9 implies that p?<1/4
+A/(2¢1), whereg, is the excitation energy of the lightest
bound onR (see Fig. 1 The approximation B results in ©€xcited charmed meson state. However, knowit and
Tables I and V can be combined to give 7(1) does not strengthen this bound pf significantly. On
B(B— D3 )/ B(B—D%ere)=0.15. Varying7,, meand7’  the other hand, Eq(5_.5) implies the boundA>0.38 GeV
does not bring this quantity close to the current experimentalneglecting perturbative QCD correctiondhe model de-
limit. Therefore, if the branching ratio f@— D} ev, is be- ~ Pendent contribution of the " states to this bound is only
low the ALEPH bound, the#(B— D% ) should be smaller 0-12 GeV; while the bound>0.26 GeV from only the; *

than the central value in E@5.2). states is fairly model independent.

A class of zero recoil sum rules were considered in Ref.
[32]. The axial sum rule, which bounds th&—D* form
factor (that is used to determin®..|) only receives contri-

Our results are important for sum rules that relate inclu-butions froms™ =3~ and 3~ states, which were discussed
siveB— X ev, decays to the sum of exclusive channels. Thejn Sec. IV. It has the form
Bjorken sum rule bounds the slope of the-D*)ey, Isgur-

Wise function, defined by the expansiof(w)=1—p?

B. Sum rules

[(Xo(2)|A|B)[?

X(w—1)+... . Knowing p? would reduce the uncertainty |FBHD*(1)|2+2
in the determination ofV.,| from the extrapolation of the X 12my mg
B—D®)ey, spectrum to zero recoil. The Bjorken sum rule
a1 10 s ST ) , A A3, (1 1 2
[31,19is =pa——mt———— |+ —+ ,
2 o) 1112 mg 4 s mp  3memy
1 m(1 P(1
oty WTOF o 17POF (5.6
4 < 4 > 3

(5.3 where, is the perturbative matching coefficient of the full
QCD axial-vector current onto the HQET curreXt, denotes
Throughout this section the ellipses denote contributiongpi i i 1=
from n%n—resonant channelg™ anzr(p) are the Isgur-Wise %Fjln e state£con.t|nuur.n or resonaith s7=3 " and
- g 57, andFg_p«(1) is defined by

functions for the exited,' =3 and3 " states, respectively

(for m=p=0 these are the orbitally excited states discussed <D*(s)|,&|B) R

in Secs. Il and Ill, andm,p=1 are radial excitations of ———=Fpg_p+(1)e. (5.7
thesg. Since all terms in the sums, as well as the contribu- 2\Mp«Mg

tions replaced by ellipses, are non-negative, a lower bound

on p? can be obtained by keeping only the first few terms onNeglecting the contributions of the excited sta¥¢sto the

the right-hand-side of Eq(5.3. Using Egs.(2.3) and left-hand-side, gives an upper bound|& .5« (1)|%. Using

(3.22, we find that the contribution of the lowest lying the nonrelativistic constituent quark model, we estimate us-

Slmz 1+ and2* states implies the bound ing Eq.(4.1) that the contrlbut|or_1 of the first radlal excitation
of the D* to the sum overX; in Eq. (5.6) is about 0.1.

For this estimate we tookA™—A=450MeV, O

mag

%N Ref. [19] |¢™(1)|%4 was denoted by|7{T(1)?, and =C&%(r)s,- sq (fixing the constanC by the measure@®*
| 7P (1)|%/3 was denoted byrE)(1)|2. —D mass splitting, O{$)=V?, and used the harmonic oscil-
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lator quark model wave functions of R¢23]. A 0.1 correc-
tion would significantly strengthen the upper

extraction of the magnitude ofV,, from exclusive
B— D*ev, decay. Note thas =5~
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to the zero recoil axial sum rule in the quark model, because

boundtheir spatial wave functions vanish at the origin.
on Fg_px(1) and have important consequences for the TheJP=1" members of thes™=3"

ands'=3" dou-
blets contribute to the vector sum rule, which is used to

states do not contribute bound\ ;. This sum rule readg32,2|

(Mp—3m)? S o [P 2 | 7P(1)[? Ap AHF3N (1 1 2
—_—— AXM_p)2Z = 4 AP — A2—+...=——— —+ = .
4mgmg zm: ( ) 4 m?2 2,;‘ ( ) m2 4 ms mg  3mem,
(5.9
This relation can be simplified by settimy, /m; to different values. Takingn,=m, yields
_ —2tm1)]2 N O NE:
)\12_32 (A* (M — A)2 u_f;z (A’(p)—A)2¢ . (5.9
m 4 P 3
whereasm >m,> A ocp gives|[2]
— _ mM1)|?
A+3N,=—93 (A*<m>—A)2w+... . (5.10
m
These relations can be combined to obtain a sum rula jor
_ _ m1)]2 _ _ (P)(1)]2
No=—22 (A*(M—7)2 w_;_zzz (Ar(p)_A)Zw (5.11
m p

Equations(5.9) and (5.11) were previously obtained in Ref.

[33] using different methods. The strongest constrainhgn
is given by Eq.(5.10 [the sum rule in Eq(5.9) only implies
—X;>(0.06+0.15) GeVf]. Including the contribution of the
lightests =3 doublet to Eq(5.10 yields

1£(1)]2

N1<—3\,— 9(A* — 3

A)2 =—3\,—0.18 GeV,

(5.12

cays to these states should be possible in the future.

The semileptoni® decay rate to an excited charmed me-
son is determined by the corresponding matrix elements of
the weak axial-vector and vector currents. At zero recoil
(where the final excited charmed meson is at rest in the rest
frame of the initialB meson, these currents correspond to
charges of the heavy quark spin-flavor symmetry. Conse-
quently, in themg— o limit, the zero recoil matrix elements
of the weak currents betweenBa meson and any excited
charmed meson vanish. However, at ordejcp/mq these

neglecting perturbative QCD corrections. Note that only thematrix elements are not necessarily zero. SinceBf@emi-

broadD7 state(and its radial excitationscontribute to this

leptonic decay to excited charmed mesons most of the avail-

sum rule, so the result in E¢5.12 is sensitive to the relation able phase space is near zero recoil, Mgp/mq correc-

betweenr(1) and (1) in Eq. (3.22.

tions can play a very important role. In this paper we studied

Perturbative corrections to the sum rules in this sectionthe predictions of HQET for th& —D,ev, andB—D,ev,

can be found in Ref.34].

VI. SUMMARY AND CONCLUSIONS

The branching ratios foB—Dev, and B—D*ev, are
(1.8+0.4)% and (4.6:0.3)%, respectively9]. This implies

differential decay rates including the effects &t cp/mg
corrections to the matrix elements of the weak currents.
Since the matrix elements of the weak currents betweBn a
meson and any excited charmed meson can only be nonzero
for spin zero or spin one charmed mesons at zero recoil, the
Aqcp/Mg corrections are more important for the spin one

that about 40% of semileptoniB decays are to excited member of thes™=2" doublet.

charmed mesons and non-resonant final states. An excited The AQCD/mQ corrections to the matrix elements of the
charmed meson doublefD(2420) D3 (2460)] with  \eak axial-vector and vector currents can be divided into
s/'=3" has been observed. These states are narrow ango classes: corrections to the currents themselves and cor-
have widths around 20 MeV. With some assumptions, theections to the states. F& semileptonic decays to tHe,,
CLEO and ALEPH Collaborations have measured about arity invariance of the strong interactions forces the correc-
(0.60.1)% branching ratio forB—D,ev,. The decay tions to the states to vanish at zero recoil. Furthermore, the
B— D3 ev, has not been observed, and CLEO and ALEPHcorrections to the current give a contribution which at zero
respectively report limits of 1% and 0.2% on its branchingrecoil is expressible in terms of the leadingg— =, Isgur-
ratio. A detailed experimental study of semileptolicde-  Wise function and known meson mass splittings. This cor-
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TABLE VI. Predictions forFDg ITp,, (1), andI‘Dl+D§+DI+D3 ITp, using7’ = —1.5. The results in the
last column assume the nonrelativistic quark model prediction in(Eg2.

6.0X 10—3 1/2 FD1+D;+DI+D3
Approximation R=I'py /o, [B(B_)Dle]’—e) o,
B.. 1.65 1.24 4.26
B, 0.52 0.71 2.55
B, 0.67 0.75 2.71

rection leads to an enhancement of Bxeemileptonic decay be semileptonic decays to higher mass excited charmed
rate to theD, over that to theD,. With some model depen- sStates or nonresonant modes. Some of the more important
dent assumptions, we made predictions for the differentiatesults in Ta}bles Il'and IV are sur_nmari;ed in Table VI.
decay rates foB— Dleye andB— D’z‘eye and determined We considered the zero recoil matrix E|e.ments of the
the zero recoil value of the leadimgy— o Isgur-Wise func- weak currents betweenBameson and other excited charmed
tion from the measureB to D, semileptonic decay rate. The Mesons at ordek ocp/Mg . Only the corrections to the states
influence of perturbative QCD corrections on these decayontnbute and these were expressed in terms of matrix ele-
rates were also considered but these are quite small. ments of local operators.

Factorization was used to predict the rates for the nonlep- OUr results have implications foB decay sum rules,
tonic decays8— D, andB— D% . The ALEPH limit on where including the contributions of the excited charmed

meson states strengthens the boundgofthe slope of the
Isgur-Wise function forB—D®*)er,), on \;, and on the
zero recoil matrix element of the axial-vector current be-
tweenB andD* mesons. The latter bound has implications
for the extraction ofV.y| from exclusiveB— D* ev, decay.

the semileptonic decay rate B implies a small branching
ratio for B— D% m. The ratio B(B—D,7)/B(B—Devy)
can be used to determiné. The present experimental value
for this quantity favorsr’ near—1.5.

Thﬂe most significant uncertainty at ord&pcp/mg arises
from 7, and 7. It may be possible to determine these quan- ACKNOWLEDGMENTS

tities from measurements of R=FD§ /FDl and
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near those of th@l and D; is expected. It has spin of the APPENDIX: PERTURBATIVE ORDER @y CORRECTIONS
light degrees of freedornlw'= 1%, giving spin zero and spin
one states that are usually denoteddjy andD7 . We stud-
ied the predictions of HQET for theB—D}er, and

In this Appendix we compute orders and order
asA\ qcp/Mg corrections to theB— (D4,D3)ev, form fac-
,— . . . tors. At this order both the current in E@.7) and the order
B— D] ev, differential decay rates including the effects of A oo/ Mg corrections to the Lagrangian in Eq..4) receive

Aqcp/mg corrections to the matrix elements of the weak .o tions Matrix elements of the kinetic energy operator,
current. The situation here is similar to that in the case of the (q) ional tor to all orders ine. due t i
TI— 3+ doublet. Using a relation between the leading, ¢ ’ enter proportional tar fo all orders inas due 1o rep
S T2 : 9 ) 9 arametrization invariancg85]. The matrix elements involv-
mq—, Isgur-Wise functions for these two excited charmeding the chromomagnetic operator are probably very small
meson doublets that is valid in the nonrelativistic constituengng have been neglected. Ordey corrections to théd—c
quark model with any spin-orbit independent potenté@ld a  fayor changing current in the effective theory introduce a set
few other assumptiopswe determined the rates f@rsemi-  of new operators at each orderAmycp/Mq, with the appro-
leptonic decays to these excited charmed mesons. We fingiate dimensions and quantum numbers. The Wilson coef-
that branching ratio foB semileptonic decays into the four ficients for these operators are knowrdependent functions
states in thes™ =3" and 3" doublets is about 1.6%. Com- [17,36], which we take fron{37].
bining this with the measured rates to the ground diasand The vector and axial-vector currents can be written at or-
D* implies that more than 2% of th® meson decays must der a, as

_ DAyt i VED
V'“=h(c,) yH— Dy ﬂ h® 4 s [V,u(l)+\/,u(2)]+___
v | 2m.  2my | vV o« '
—| Dy ys iy ysh a
p O e, n (0) 4 &S Au(D) 4 R4
A¥=h -*y Vs m, 5m h,, - [A AME I+, (A1)
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where the ellipses denote terms higher ordesjrand A ocp/Mq . Superscriptgl) denote corrections proportional ta,:
V““):h_(vc,)[cvlywr Cy,v*+Cyp "#1h(P)
AFD=h[cp y#+Ca v +can #Iysh?. (A2)

The terms with superscrig®) in Eq. (A1) denote corrections proportional ta,A gcp/Mg :

P

—_[ios, a
V#(z):hfﬁ){—zmb (v, ¥+ oy, +ey o' ) 'y)‘+2v’}‘m +20\,ZgM
iDy J
b
~om, {20\,3gM YN+ 20N m)(cvlyﬂnL Cy, vkt cvav’“)Hh(U ),
AR 00 e i cp 0 )yl P20 | 20, g
o' | 2m, ALY T Ca, Ag V5| Y oW A 9" Y5
”j_ BN 5 yH " o (b)
~2m, 2cp9 Y+ 20N (CA1 +eauhtea ') lys(hy (A3)

In these expressions the covariant derivatii2s, act on the fieldm,(jb) or hf)c,), and partial derivatives with respect ¥

adldw, act on the coefficient functiorss,;(w) andc,;(w). Using Eqs(A2) and(A3) it is straightforward to include the order
as andasA gcp/ Mg corrections using trace formalism presented in Sec. . The corrections with supefscsiptply change

the form ofI" in Eq. (2.6), while those with superscrig2) changel’ in Eq. (2.8).
The B—D,ev, form factors were defined in E¢2.1), and their expansions in terms of Isgur-Wise functions at leading

order inag were given in Eq(2.20. The orderas and orderasA ocp/Mq corrections modify the results fdg in Eq. (2.20
to f;+ (as/ ) 6f; . The functionséf; are given by

V66f = —(W+ 1)ca, 7= ZSC(WP_/T)[ZCA:L"' (w+ 1)c;\1+ CalTrecd(W—1){[3ca —2(W—1)Cp ]71—(3Ca +4Cp ) 7o}
— e[ (A" +A)(W—1)Ca —2(A’ —WA)(W+1)cp +2(WA' —A)Ca, |7
+ Sb(W_ 1){[(2W+ 1)CA1_ 2(W_ 1)CA2] Tl+ (CAl_ 4CA2) 7'2}, (A4)
Bty = (1—w?)ey, 7= 2ec(WA' = A)(W+1)[ 2y, +(W—1)cy, + 20y, ] 7+ ec(W2— 1){[3cy, + 2(W+2)Cy, |7
—(3cy,+2¢y,) T} — ep(WH D[ (A’ + A)(W—1)cy, —2(A’ —WA)(W—1)c, +4(WA' = A)cy, ]
+ep(W—D){[(2w+1)cy, +2(w+2)cy, ]m+(Cy,— 2Cy,) T2}, (A5)
Bty = —[3cy,+ 2(W+1)cy,] 7= 2e(WA' — A)[3cy, +20y,+2(w+1)c}, J7—e{[(Aw— 1)y, — 2(2w+1) (W—1)cy
—2(W+2)Cy, ] 71+ [5Cy, +2(1—W)Cy, + 20y, 7o} — ep{3(A’ + A)oy, —B(A' —wA)c} +2[ (W—1)A’ (A6)

+(3w+1) Aoy, —4(A —WA)(W+ 1) b7+ ep{[3(2w+1)cy, +2(2w?+ 1)y, |73+ [3cy, + 2(W—2)cy, 17},

VBoty,=[(W=2)ey, ~2(W+1)ey, ]+ 2ec(WA' — A){2ey, +(W—2)ey, — 2oy, + (W D)cy T r+ecl[(2+w)cy,
+2(W?—3w—1)cy, ] 71+ [(3W+2)0y, + (4w—2)cy ] 7o} +ep[ (A’ +A) (W+2)cy, +2(A —WA) (2—w)c),,
+4N" (W+1)cy,— 2(A"+ A)(W—1)cy,+4(A—WA) (wW+ 1)c), 7= ep{[(2W?+ 5w+ 2)cy, +2w(2+W)cy,
+2(1+w—2w?)ey, ] +[(2+w)cy, —2wey,—2(Ww—1)cy, 72} (A7)

Herecy; anch, are functions ofv, and prime denotes a derivative with respecivtoNote that at zero recoﬁfv is known

in terms of A’ — A and 7(1), as expected from our results in Sec. Il
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VB5tu1(1)=—8(A’ = A) (L) ec(Cy, +Cy) + £50y, - (A8)

For B— D} ev, decay, theag and orderasA ocp/Mq corrections modify the leading order form factors in E2.21) to
ki—k;+ (as/ ) 6k; . The functionsék; are

5'(\/: - CVlT_ SC[ZC\,/J_(WA, - A) T+ (C\/l_ 2WC\/3) T1— (CV1+ 20\/3) ’7'2]

—ep{[(A+ /T)cvl— 2([7—W/T)C\//1]T— [(2w+1)cy, +2wey, ] —(Cy, +2¢y,) T2}, (A9)

OKa, = —(WH1)Ca 7= &[2(Cp +WC) —Cp)(WA'=A)7+(W—1)Cp (71— 7o)+ 2(w2— 1ca, ] —ep{l[(A"+A)

X(w=1)ca — 2(/7—W/T)(W+ 1)c,&1— 2(W/7— /T)CAz]T— (W=1)[ca (T1+ 72) +2(WCp —WCA,—Cp ) T1]},

(A10)
SKa,=Ca, 7+ gc{ZcAZ(W/T—/T)T—[ZcAl— (2w+1)Ca,+2Cp, ] 71+ Cp,To}
+sb{[(/?+3/T)cA2—2(f—W/T)c,;2] T—(2W+3)Ca, 71— Ca, T2}, (Al11)
SKa,=(Ca,+Ca ) T+ 86[2(c,;1+ C,Aa)(WA,_A)T_(CAl_CAs)(Tl+ 72) +AWCA, 1]+ ep{[ (A" +A)(Cp +Cp)
_2AICA2_2(A1_WA)(C,A1+ C'IA3)]T_(CA1+ CAS)(T1+ 72)_2W(CA1_CA2+ CAS)TI}' (A12)

To compute the corrections to the results obtained in Sec. ll, it is sufficient to expand the Wilson coeffigiamd c;
to linear order inw. We takecy; andc,; and their first derivatives at zero recoil from RES7]. To evaluate these, we choose

to integrate out the andb quarks at a common scale=\m.m,, giving, for cy; andcg;,

4 1+z
CV1(1)= - §— E In z=0.91,
1 2(1-z+zlInz) 0.46
Cy,( )__W__ .46,
1 _22(l—z+ln z) 0.20
= T T
8 1+z
CA1(1)= - §— E In z=-0.42,
. 2[3—-2z—7°+(5—2)z In Z] 120
CAZ( )__ 3(1_2)3 = L1.4Y,
27[1+2z—372°+(5z—1)In z]
=0.42. (A13)

CAS(]—): 3(1_2)3

The derivatives,,; andc,; at zero recoil are

2[13—92z+97°— 1323+ 3(2+3z+ 322+ 22%)In z]

cy, (D)=~ 271-2)° 0.20,
, . 2[2+3z-62°+7°+6zIn Z]
cy,(1)= o1-2" =0.21,
27[1—6z+322+272°—67% |n 7]
=0.05,

Cu(D)= 9(1-2)°



330 LEIBOVICH, LIGETI, STEWART, AND WISE 57

2[7+92—972%2—723+3(2+3z+ 322+ 27%)In z]

ca(1)="— ST1=2)° 0.64,

, 2[2—33z+97%+ 2523 —3z*— 62(1+72)In z]

CAz(l): 9(1_2)5 =0. ’
;e 27[3—25z—97%+ 33— 27— 62%(7+2)In z] 0.12 AL
Ca,(1)=— 1-2)° =—0.12. (A14)

Herez=m./my, and the numbers quoted are for 1.4/4.8.
Using these values and the; corrections for the form factors above, we find the corrections given in Table Il to the
leading order results summarized in Table Il.
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