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Predictions for B ! D1sss2420ddd ,,,n and B ! Dppp
2 sss2460ddd ,,,n at Order LQCDyyymc,b
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Exclusive semileptonicB decays intoD1 andDp
2 mesons are investigated including orderLQCDymc,b

corrections using the heavy quark effective theory. At zero recoil, theLQCDymc,b corrections can be
written in terms of the leading Isgur-Wise function for these transitions,t, and known meson mass
splittings. We obtain an almost model independent prediction for the shape of the spectrum near zer
recoil, including orderLQCDymc,b corrections. We determinets1d from the measuredB ! D1,n

branching ratio. Implications forB decay sum rules are discussed. [S0031-9007(97)03208-0]

PACS numbers: 12.39.Hg, 13.20.He
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The use of heavy quark symmetry [1] resulted in
dramatic improvement in our understanding of the spe
troscopy and exclusive semileptonic decays of meso
containing a single heavy quark. In the infinite mas
limit, the spin and parity of the heavy quark and tha
of the light degrees of freedom are separately conserve
Light degrees of freedom with quantum numberss

pl

l yield
a doublet of meson states with total angular momentu
J ­ sl 6

1
2 and parityP ­ pl . All semileptonic decay

form factors ofB mesons into either member of such a
heavy quark spin symmetry doublet are given by just on
function ofw ­ y ? y0. Herey is the four-velocity of the
B andy0 is that of the charmed meson. Moreover, for th
B ! Dspd ground state to ground state transitions (thes
states haves

pl

l ­
1
2

2
), this universal function is normal-

ized to unity at zero recoil [1–4]. Corrections to thes
model independent predictions, suppressed by powers
LQCDymc,b , can be systematically investigated using th
heavy quark effect theory (HQET) [5].

In this Letter we discuss semileptonicB meson decays
into excited charmed mesons. Surprisingly, we fin
model independent predictions that hold even includin
order LQCDymc,b corrections. We concentrate on the

doublet corresponding tos
pl

l ­
3
2

1
, which contains the

D1s2420d and theDp
2 s2460d mesons with widths around

20 MeV. States in thes
pl

l ­
1
2

1
doublet can decay into

Dspdp in an s wave, and so they should be much broade
than theD1 and Dp

2 which can only decay in ad wave.
(An s-wave decay amplitude for theD1 is forbidden
by heavy quark spin symmetry [6].)B ! D1,n and
B ! Dp

2,n account for sizable fractions of semileptonic
B decays [7–9], and are probably the only three-bod
semileptonicB decays, other thanB ! Dspd,n, whose
differential decay distributions will be precisely measured

The measured masses of various meson states conta
ing a bottom or charm quark already give important infor
mation on HQET matrix elements. TheDp

2 2 D1 mass
splitting is only 37 MeV, suggesting that fors

pl

l ­
3
2

1

states matrix elements involving the chromomagnetic o
erator are smaller than for the ground statesmDp 2 mD ­
140 MeVd. The parametersL andl1 for the ground state
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multiplet can be related to the analogous parameters f
D1 andDp

2 , which we denote byL
0
andl

0
1. We define the

spin averaged massesmD ­ s3mDp 1 mDdy4 andm0
D ­

s5mDp
2

1 3mD1 dy8, and similarly for analogous mesons
containing a bottom quark. Using the measured hadro
masses [10], and identifyingm0

B ­ 5.70 GeV as the mass
of theBp

Js5732d state, we find

l0
1 2 l1 ­ 2mcmbsm0

B 2 mB 2 m0
D 1 mDdysmb 2 mcd

. 20.34 GeV2 (1)

L
0

2 L ­ m0
D 2 mD 1 sl0

1 2 l1dys2mcd . 0.35 GeV.

The matrix elements of the vector and axial current
(V m ­ cgmb andAm ­ cgmg5b) betweenB mesons and
D1 or Dp

2 mesons can be parametrized as

kD1sy0, edjVmjBsydl ­
p

mD1 mB f fV1e
pm

1 s fV2y
m 1 fV3y

0md sep ? ydg ,

kD1sy0, edjAmjBsydl ­
p

mD1 mB ifA´mabgep
ayby0

g ,

kDp
2sy0, edjAmjBsydl ­

p
mDp

2
mB fkA1 e

pmaya

(2)

1 skA2y
m 1 kA3 y

0mdep
abyaybg ,

kDp
2sy0, edjVmjBsydl ­

p
mDp

2
mB ikV ´mabgep

asysyby0
g .

Herefi andki are functions ofw. The differential decay
rates forB ! D1,n and B ! Dp

2,n decays in terms of
these form factors are, respectively (r1 ­ mD1ymB and
r2 ­ mDp

2
ymB),

dG1

dw
­

G2
F jVcbj2m5

Br3
1

48p3

p
w2 2 1 (3a)

3 h2s1 2 2wr1 1 r2
1 d f f2

V1
1 sw2 2 1df2

Ag

1 fsw 2 r1dfV1 1 sw2 2 1d s fV3 1 r1fV2 dg2j ,

dG2

dw
­

G2
F jVcbj2m5

Br3
2

144p3
sw2 2 1d3y2 (3b)

3 h3s1 2 2wr2 1 r2
2 d fk2

A1
1 sw2 2 1dk2

V g

1 2fsw 2 r2dkA1 1 sw2 2 1d skA3 1 r2kA2 dg
2j .

The form factorsfi and ki can be parametrized by a
set of Isgur-Wise functions at each order inLQCDymc,b .
© 1997 The American Physical Society 3995
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It is simplest to calculate the matrix elements in Eq. (2
using the trace formalism [11]. The fieldsPy and P

pm
y

that destroy members of thes
pl

l ­
1
2

2
doublet with four-

velocity y are in the4 3 4 matrix

Hy ­
1 1 yy

2
fPpm

y gm 2 Pyg5g , (4)

while for s
pl

l ­
3
2

1
the fieldsPn

y andPpmn
y

are in

Fm
y ­

1 1 yy
2

(
Ppmn

y gn 2

s
3
2

Pn
y g5

3

∑
gm

n 2
1
3

gnsgm 2 ymd
∏)

. (5)

The matricesH and F satisfy yyHy ­ Hy ­ 2Hyyy,
yyFm

y
­ Fm

y
­ 2Fm

y
yy, Fm

y
gm ­ 0, andymFm

y
­ 0.

To leading order inLQCDymc,b andas

cGb ­ hscd
y0 Ghsbd

y ­ tTrhysFs
y0 GHyj , (6)

for matrix elements between the states destroyed by
fields in Hy andFs

y0 . Heret is a dimensionless function
of w, and hsQd

y is the heavy quark field in the effective
theory. This matrix element vanishes at zero recoil fo
any Dirac structureG and for any value ofts1d, since the
B meson and thesD1, Dp

2 d mesons are in different heavy
quark spin symmetry multiplets, and the current at ze
recoil is related to the conserved charges of the spin-flav
symmetry. Equation (6) leads to themc,b ! ` predictions
for the form factorsfi andki given in Ref. [12].

At order LQCDymc,b there are corrections originating
from the matching of theb ! c flavor changing current
onto the effective theory, and from orderLQCDymc,b

corrections to the HQET Lagrangian. To leading orde
in as, the currentcGb is represented in HQET by

cGb ­ h
scd
y0

µ
G 2

i
2mc

√
Dy G 1

i
2mb

G
!
Dy 1 · · ·

∂
hsbd

y .

(7)

For matrix elements between the states destroyed by
fields inFs

y0 andHy, the new orderLQCDymc,b operators
in Eq. (7) are

h
scd
y0 i

√
D lGhsbd

y ­ TrhS scd
slF

s
y0GHyj ,

h
scd
y0 Gi

!
D lhsbd

y ­ TrhS sbd
sl F

s
y0GHyj .

(8)

Unlike B ! Dspd decays, since thesD1, Dp
2 d mesons and

the B are in different multiplets, there is no relation
betweenS scd andS sbd. The most general form for these
quantities is

S
sQd
sl ­ ysftsQd

1 yl 1 t
sQd
2 y0

l 1 t
sQd
3 glg 1 t

sQd
4 gsl .

(9)
The functionsti depend onw, and have mass dimension
one. They are not all independent. The equation
motion for the heavy quarks,sy ? DdhsQd

y ­ 0, implies
wt

scd
1 1 t

scd
2 2 t

scd
3 ­ 0 ,

t
sbd
1 1 wt

sbd
2 2 t

sbd
3 1 t

sbd
4 ­ 0 .

(10)

Using i≠nshscd
y0 Ghsbd

y d ­ sLyn 2 L
0
y0

ndhscd
y0 Ghsbd

y , valid
for matrix elements between the states inFs

y0 and inHy ,
3996
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together with the equation of motion for the heavy quarks
and the constraints in Eq. (10), we obtain

sw 2 1d stscd
1 2 t

scd
2 d 2 t

scd
4 ­ swL

0
2 Ldt .

sw 2 1d stsbd
1 2 t

sbd
2 d 2 t

sbd
4 ­ swL 2 L

0dt .
(11)

At zero recoil,t
sbd
4 s1d ­ 2t

scd
4 s1d ­ sL0

2 Ldts1d.
Next we consider the terms originating from the orde

LQCDymc,b corrections to the HQET Lagrangian,

dL ­
1

2mQ
hsQd

y

∑
siDd2 1

gs

2
sabGab

∏
hsQd

y . (12)

These corrections modify the heavy meson states com
pared to their infinite heavy quark mass limit. For ex
ample, they cause the mixing of theD1 with theJP ­ 11

member of thes
pl

l ­
1
2

1
doublet. (This is a very small

effect, since theD1 is not any broader than theDp
2 .) The

kinetic energy operator does not violate heavy quark sp
symmetry, and therefore inB ! D1, Dp

2 semileptonic de-
cays its effect can be absorbed into a redefinition oft,
which is used hereafter. For matrix elements between th
states destroyed by the fields inFs

y0 andHy , the time or-
dered products of the chromomagnetic term indL with
the leading order currents are

i
Z

d4xT

Ω∑
h

scd
y0

gs

2
sabGabh

scd
y0

∏
sxd fhscd

y0 Ghsbd
y g s0d

æ
­ Tr

Ω
R

scd
sabF

s
y0isab 1 1 yy0

2
GHy

æ
,

i
Z

d4xT

Ω∑
h

sbd
y

gs

2
sabGabhsbd

y

∏
sxd fhscd

y0 Ghsbd
y g s0d

æ(13)

­ Tr

Ω
R

sbd
sabF

s
y0G

1 1 yy
2

isabHy

æ
.

The most general parametrizations ofRsc,bd are

R
scd
sab ­ h

scd
1 ysgagb 1 h

scd
2 ysyagb 1 h

scd
3 gsayb ,

R
sbd
sab ­ h

sbd
1 ysgagb 1 h

sbd
2 ysy0

agb 1 h
sbd
3 gsay0

b .
(14)

Only the part of R
sc,bd
sab antisymmetric in a and b

contributes, when inserted into Eq. (13). The functionshi

depend onw, and have mass dimension one. [Note tha
gsagb is dependent on the tensor structures included
Eq. (14).] All contributions arising from the time ordered
products in Eq. (13) vanish at zero recoil, sinceysF

s
y ­

0, and yas1 1 yydsabs1 1 yyd ­ 0. (Order LQCDymc

corrections were also analyzed in Ref. [13]. We find tha
t4 (denotedj4 in [13]) does contribute in Eq. (8) forG ­
glG̃, and corrections to the Lagrangian are parametrize
by more functions than in [13].)

Using Eqs. (4)–(14), it is straightforward to express
the form factorsfi and ki parametrizingB ! D1,n and
B ! Dp

2,n semileptonic decays in terms of Isgur-Wise
functions. We use the constraints in Eqs. (10) and (11)
eliminatet3 andt4. The form factors in Eq. (2) depend
on t

sbd
i and h

sbd
i only through the linear combinations
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tb ­ s2w 1 1dtsbd
1 1 t

sbd
2 1 2sL0

2 wLdt and hb ­
6h

sbd
1 2 2sw 2 1dhsbd

2 1 h
sbd
3 . Denoting ´c,b ­ 1y2mc,b
n
i

.

and dropping the superscript ont
scd
i and h

scd
i , we obtain

for theB ! D1,n form factors
p
6 fA ­ 2sw 1 1dt 2 ´bfsw 2 1dtb 1 sw 1 1dhbg

1 ´cf3sw 2 1d st1 2 t2d 1 sw 1 1d s2h1 1 3h3d 2 4swL
0

2 Ldtg ,
p

6 fV1 ­ s1 2 w2dt 2 ´bsw2 2 1d stb 1 hbd

1 ´cfsw2 2 1d s3t1 2 3t2 1 2h1 1 3h3d 2 4sw 1 1d swL
0

2 Ldtg , (15)
p

6 fV2 ­ 23t 2 3´bstb 1 hbd 2 ´cfs4w 2 1dt1 1 5t2 1 10h1 1 4sw 2 1dh2 2 5h3g .
p

6 fV3 ­ sw 2 2dt 1 ´bfs2 1 wdtb 2 s2 2 wdhbg

1 ´cfs2 1 wdt1 1 s2 1 3wdt2 2 2s6 1 wdh1 2 4sw 2 1dh2 2 s3w 2 2dh3 1 4swL
0

2 Ldtg .
ns
g-

]

d

t

s

gy

ce
The analogous formulas forB ! Dp
2,n are

kV ­ 2t 2 ´bstb 1 hbd

2 ´cst1 2 t2 2 2h1 1 h3d ,

kA1 ­ 2s1 1 wdt 2 ´bfsw 2 1dtb 1 s1 1 wdhbg

2 ´cfsw 2 1d st1 2 t2d

2 sw 1 1d s2h1 2 h3dg ,
(16)

kA2 ­ 22´cst1 1 h2d ,

kA3 ­ t 1 ´bstb 1 hbd

2 ´cst1 1 t2 1 2h1 2 2h2 2 h3d .

The allowed kinematic range forB ! D1,n decay is
1 , w , 1.32, while for B ! Dp

2,n it is 1 , w , 1.31.
Since these ranges are fairly small, it is useful to expa
the differential decay rates in Eq. (3) simultaneously
powers ofw 2 1 andLQCDymc,b .

dG1,2

dw
.

G2
F jVcbj2m5

Br3
1,2

48p3

p
w2 2 1

3 fxs0d
1,2 1 x

s1d
1,2sw 2 1d 1 x

s2d
1,2sw 2 1d2gt2s1d .

(17)

We treat w 2 1 as order´c,b , and in x
sid
1,2 si ­ 0, 1, 2d

keep terms up to ordersLQCDymc,bd22i . Equations (3),
(15), and (16) yield

x
s0d
1 ­ 32´2

csL0
2 Ld2s1 2 r1d2,

x
s1d
1 ­ s8y3d fs1 2 r1d2 1 4´csL0

2 Ld s3 2 4r1 1 r2
1 d

2 2s1 2 r1d2s2´ch1

1 3´ch3 2 ´bhbdytg ,

x
s2d
1 ­ s8y3d fs3 2 4r1 1 3r2

1 d 1 2s1 2 r1d2t0ytg , (18)

x
s0d
2 ­ 0 ,

x
s1d
2 ­ s40y3d s1 2 r2d2f1 2 2s2´ch1 2 ´ch3

2 ´bhbdytg ,

x
s2d
2 ­ 8s3 2 8r2 1 3r2

2 d 1 s80y3d s1 2 r2d2t0yt .

Here t, t0 ­ dtydw, and hi are evaluated atw ­ 1.
The values ofhi that occur in Eq. (18) are not known
d
n

Since theDp
2 2 D1 mass splitting is very small, and

model calculations indicate that the analogous functio
parametrizing time ordered products of the chromoma
netic operator forB ! Dspd,n decays are tiny [14], here-
after we neglect the corrections parametrized byhi.

The value ofts1d can be determined from the experi-
mental measurement of theB ! D1,n branching ratio.
We use the average of the ALEPH [7] and CLEO [8
results,BsB ! D1,nd ­ s6.1 6 1.1d 3 1023, to obtain

ts1d ­ 0.55 6 0.05 . (19)

(We used L
0

2 L ­ 0.35 GeV from Eq. (1), tB ­
1.6 ps, jVcbj ­ 0.04, mc ­ 1.4 GeV, and the quoted
error is only experimental.) To get Eq. (19) we assume
t0s1dyts1d ­ 20.8. ts1d has little sensitivity to this
choice. Allowing 21.2 , t0s1dyts1d , 20.5 only
affects the central value in Eq. (19) by60.01. The Isgur-
Scora-Grinstein-Wise (ISGW) nonrelativistic constituen
quark model predictsts1d ­ 0.54 in surprising agreement
with Eq. (19) [12,15]. (t is

p
3 times the functiont3y2 of

Ref. [12].)
The ALEPH and CLEO analyses assume thatB !

D1,nX is dominated byB ! D1,n, and thatD1 decays
only into Dpp . If the first assumption turns out to be
false thents1d will decrease; if the second assumption i
false thents1d will increase compared to Eq. (19).

Even though´csL0
2 Ld . 0.12 is small, the term

proportional to it comes with a large coefficient, and
dominates the value ofx

s1d
1 . Numerically, thisLQCDymc

correction tox
s1d
1 is 1.8, while the part that survives in the

mc,b ! ` limit is 0.8. Note that the part of theL2
QCDym2

c

correction tox
s1d
1 that involvesL

0
, L, and t0s1d is only

0.27 6 0.10 for the previously mentioned range oft0s1d
(using L ­ 0.4 GeV [16]). The orderLQCDymc terms

that involveL
0

andL changex
s2d
1 by less than a third of

its leading order value for21.2 , t0s1dyts1d , 20.5.
After Eq. (12), we absorbed intot the form factor that

parametrizes time ordered products of the kinetic ener
operator with the leading order currents. Whilel

0
1 is

quite large [see Eq. (1)], this is probably a consequen
3997
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of the D1 and Dp
2 being p waves in the quark model,

and does not necessarily imply that the heavy qua
kinetic energies significantly distort the overlap of wav
functions that yield the form factors. If we had explicitly
included the time ordered product involving the char
quark kinetic energy, the leading term inx

s1d
1 would

change froms1 2 r1d2 to s1 2 r1d2s1 1 2hke´cd. Even
taking hke ­ 6L

0
changes the extracted value ofts1d

by less than 0.04. So thisLQCDymc correction tox
s1d
1 is

likely to be much smaller than the term proportional t
´csL0

2 Ld explicitly shown in Eq. (18). It is important
to have experimental data on thew spectrum ofB !

D1,n decay to test the hypothesis that theL
2
QCDym2

c
corrections are not large.

The order LQCDymc,b corrections calculated in this
Letter are also important for the prediction ofR ;
B sB ! Dp

2,ndyB sB ! D1,nd. As R is sensitive to
t0s1dyts1d, we shall explicitly display the dependence o
t0s1d. In the mc,b ! ` limit, expanding to linear order
in t0s1dyts1d, we obtain R ­ 1.89 1 0.51t0s1dyts1d.
Including the L

2
QCDym2

c correction to x
s0d
1 , and the

LQCDymc correction tox
s1d
1 , and expanding again to linear

order in t0s1dyts1d, yields R ­ 0.79 1 0.30t0s1dyts1d.
This suppression ofR compared to the infinite mass
limit is consistent with experimental data. [It is possibl
that part of the reason forB sB ! Dp

2,nXd 3 BsDp
2 !

Dspdpd & s1.5 2 2.0d 3 1023 [7] is a suppression of
B sDp

2 ! Dspdpd compared toB sD1 ! Dppd.]
Our results are important for sum rules that rela

inclusive B ! Xc,n decays to the sum of exclu-
sive channels. The Bjorken sum rule [12,17] for th
slope of theB ! Dspd,n Isgur-Wise function becomes
r2 ; 2djydwjw­1 . 0.25 1 t2s1d ­ 0.55. Note that
2t2s1dy3 arises from theD1, Dp

2 doublet, whilet2s1dy3
is due to the broads

pl

l ­
1
2

1
doublet sDp

0 , Dp
1 d. (Using

the equality of the leading Isgur-Wise functions for thes
multiplets in the quark model, valid for any spin-orbi
independent potential.) A class of zero recoil sum rul
were considered in Ref. [18]. The axial sum rule, whic
bounds theB ! Dp form factor that measuresjVcbj,
receives no corrections from either the32

1
or the 1

2

1

doublets. TheJP ­ 11 states contribute to the vecto
sum rule, which bounds thel1 parameter of HQET. This
bound is strongest in the limitmc ¿ mb ¿ LQCD , where
the D1 state does not contribute. The equality of Isgu

Wise functions for the3
2

1
and 1

2

1
doublets in the quark

model implies thatB ! Dp
1 transition modifies the bound

to l1 , 23l2 2 3sLp
2 Ld2t2s1d . 23l2 2 0.09.

(Here L
p . L 1 0.31 GeV [19] is the analog ofL for

the 1
2

1
states.) Perturbative corrections to these boun

can be found in [20].
In this Letter we analyzedB ! D1s2420d,n andB !

Dp
2s2460d,n decay form factors at orderLQCDymc,b . At
3998
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zero recoil, all LQCDymc,b corrections can be written
in terms of themc,b ! ` Isgur-Wise function for these
transitions, and known meson mass splittings. With som
model dependent assumptions, we predicted the shape
the spectrum near zero recoil, including orderLQCDymc,b

corrections. Testing these predictions will constitute
an interesting check on our understanding of exclusiv
semileptonic decays based on the HQET. Similar resul

hold for semileptonicB decay into the broads
pl
l ­ 1

2

1

charmed meson multiplet, and for the semileptonicLb

decays into excited charmed baryons. These will b
presented in a separate publication. Perturbative QC
corrections and nonleptonic decays (using factorization
will also be considered there.
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