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The semileptonic 8 decay, 8 x+I v, is studied in a nonrelativistic picture by treating the

pion correctly as a quasi-Nambu-Goldstone boson. The branching ratio is much larger than the

value predicted by a two-body bound-state picture for the pion. This decay at the Y(4S) peak in

e+e annihilation will be one of the best suited processes to determine the Kobayashi-Maskawa
mixing-matrix element Vb„.

The first evidence for the b u transition has been re-
ported by the ARGUS Collaboration' in the two exclusive
modes: 8+ pPtr+ and 8 pprt+tt . Relating the
reported branching ratios

8(8 pptr+) (3.7+ 1.3 ~ 1.4) x 10

and

8(8 pPtr+tr ) (6.0 ~ 2.0+ 2.2) x 10

to the b u transition strength Vt,„at the quark level in-
volves many uncertainties. Nevertheless, it appears possi-
ble to argue that the ARGUS branching ratios suggest
that the magnitude of Vb„ is close to its upper bound set
by the measurement of inclusive lepton spectrum. If so,
we expect that the b~ u transition ought to be observed
in semileptonic 8 decays also. From an experimental
veiwpoint, the decay 8 tr+1 v has a special advan-
tage because the plot of the invariant mass (ptt —p, —

pt )
shows a peak at zero, the rest mass squared of the neutri-
no. The decay rate for 8 trlv was computed previously
by treating the pion as a two-body bound state ' and by
applying a few semiquantitative methods.

We have examined the decay mode 8 tr+l v

without use of the bound-state picture for the pion.
Though our approach is along the same line as one of the
arguments made by the authors of Ref. 4, our final answer
has come out to be much larger than their value. We have
computed the decay rates for 8~ plv and 8~2&lv
through the vector hadronic current in a similar approach.
Those branching ratios are consistent, within theoretical
uncertainty, with the predictions of the two-body bound-
state picture for p and A &. The sources of ambiguity in
our calculation have been critically investigated to show
how much uncertainty is involved in a theoretical estimate
of the 8 xlv decay rate.

Before presenting our results of computation, we would
like to remark on plausible values for Vb„deduced from

B(B+~NNtt+NNtrtr) = 3.5x10 (2)

with experimental errors from the ARGUS data. ' Conse-
quently, 1 Vb„1 is to be extracted from

(8x10 )(r2+r3)2.21Vbuj Vbc I
=3.5x10, (3)

where r„ is the fraction of NNnz in NNX and 2.2 comes
from a phase-space correction for b uud relative to

the ARGUS branching ratios. It has been known that

8(8~ A,X) (7.4 ~ 2.9) x 10

and

8(8~pX) (6.1 ~0.8+'1.0) x10

where p stands for protons which are not decay products
of A. These numbers allow us to deduce that the probabil-
ity of the formation of a proton in the final state of decay
b uud is approximately 8%. The real difficult issue is
how much of 8 pX is the three- and four-body decays
8 pPtr+ and pPtr+tr . The inclusive hadron spectra
for tr, K, and p in e+e annihilation at Js =5 GeV can
be nicely fitted with a statistical distribution of a common
temperature =200 MeV. It means that (E,)=0.5 GeV
and (E~)=1.3 GeV. In a statistical picture, when N and
N of typical energies are produced, energy of 2.7 GeV
( mtt —2x1.3 GeV) is left behind to be partitioned into
pions. If we apply this picture to the 8 decay, it appears
unlikely that NNtr and NNtrtr dominate in the inclusive
decay 8 NNX. By assigning an equal statistical weight
to each of the allowed modes, we can make the following
educated guess:

8(8 +~ NNtr) = 38(8+~pPtr+ ),
B(B+ NNtrtr) =48(B pPtr tr ),

and therefore
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b~ cud .A very conservative value, r2+r3=0.5, leads us
to

(4)

which is almost coincident with the upper bound set by the
inclusive lepton spectrum. Considering the large uncer-
tainty in the experiment and especially in the theoretical
deduction, we can take this value, Eq. (4), only as a hint.
Nevertheless, the ARGUS experiment kindles a hope to
observe the b~ u transition in exclusive semileptonic de-
cay modes.

The hadronic matrix elements of semileptonic b u
transitions were computed in the two-body bound-state
picture for 8 and a final hadron X at a vanishing spatial
momentum transfer, namely, for 8 and X both at rest. 2 4

For a moving X, the matrix element &X ) uy&(1 —y5)b ( 8)
obtained at q (pz -p») (ma —m») can be extra-
polated with form factors dominated with 8 and 8~.
When X is a pion, a quasi-Nambu-Goldstone boson, the
two-body bound-state picture is a big suspect. Our main
purpose is to compute &rr

~ uyq(l —y5)b (8) with the two-
body bound-state picture only for 8 and 8, not for rr.

The pion is treated correctly as a Nambu-Goldstone bo-
son, namely, by PCAC (partial conservation of axial-
vector current). We need to assume 8 dominance in the
vector form factor at least near q (ma —m„) .

Our picture of the decay 8 rrlv is drawn in Fig. l.
Only the vector current contributes to 8~ x. In the
bound-state picture for 8 and rr, the matrix element was
evaluated with 8 and x on mass shell. By contrast, we can
evaluate it for a soft pion with 8 and 8 on mass shell and
then extrapolate it back to the physical region. This
method avoids the two-body bound-state picture for the
pion and incorporates the Nambu-Goldstone nature of the
pion. The success of PCAC and soft-pion calculations in
the past makes us feel more confident in this method.
Computation is straightforward. 8 dominance gives us

&~'
) uyd I 8'&-F+(q ')(pa+p. h

+F (q')(prr —p.)&, (5)

F+(q') -2' g~ gJ'(ma —q') ~

where q pa —p, %2g~.g, is the strong coupling of
8 + Box+, and fz. is defined by

&0~ uytb ~8' &-J2f~.e(pg)g . (7)

The constant fn. is related to the 8 decay constant frr,

n 8

I 8*
I

F[Q. ]. The B-to-B* transition through the SU(2) chiral
current to which the pion field is related by PCAC.

fg/f, 0.7-+L . (9)

8 dominance in the Fy form factor is expected to be ac-
curate near the kinematical boundary q (mp —m, )
but less certain as q decreases. The strong-interaction
coupling gz.g, is obtained by use of the PCAC relation for
a massless pion combined with the nonrelativistic bound-
state picture for 8 and 8,

ga.a, -(ma. mg) ' '/2f„. (lo)

Then the difl'erential decay rate for 8 ~ rr+I v is given

by
r ' 2 3

dE„12rr3 mg fs, (1 —
q /mz. )

where the pion energy E is equal to (mpf+m —
q )/

2m'. When we integrate Eq. (11) in E, with the 8
dominated form factor over the entire phase space, we ob-
tain

I (Bo a+I v)/I'(b ul v) 0.48(fa/f ) ' .

With frr 6Q MeV, the right-hand side of Eq. (12) ts
0.20, in contrast with the previous prediction 0.02 of Ref.
3. The authors of Ref. 4 derived a formula equivalent to
our Eq. (11), but they concluded that their numerical
answer is 0.03 and consistent with the prediction of Ref. 3.
This discrepancy with our answer originates largely in the
unacceptably small value for fg chosen by them, which
explains a factor of -4. The remainder is unclear.

We would like to advocate our method and to clarify a
degree of uncertainty involved in it. The first comment is
on the F+ form factor in Eq. (6). For the Er3 form fac-
tors, the current-algebra relation

F(» (m )+F (m ) ~f /f

supplemented with the experimental values ' F( (0)
Q.961, f»/f 1.22, and the slope parameter

Q.Q30, gives us F(»~(m»2)= —0.11. If we treated &

and & as two-body bound states, the overlap of their wave
functions would be given by

&tlr» ) y )- 2 (m~») 'r2(Fy((m» —m ) )(m»+m„)
+F ((m» —m ) )(rn» —m )j.

(13)

Extrapolating F(~~ with X+ 0.030 and F with a flat

q
2 dependence as evidenced in experiment, one finds that

the right-hand side of Eq. (13) is 1.32. This means that E
and x wave functions "overlap more than 100%." This ts
one evidence that the two-body bound-state picture does

with the normalization off 93 MeV, by

f~.-(ma. rn g) ' frr,
in the nonrelativistic model of 8 and 8*. The numerical
values of f~ from different theoretical estimates and
from the 8 -8 mass difference give the fg/f„ratio in the
range of



THE DECAY B ~ @+I v TO PROBE Vbg 241

not work for the pion. " Our value of F+ for the 8 x
transition translates to "more than 100% overlap" in the
two-body bound-state calculation for z, but we are not
disturbed with it at all because of this reason. The second
remark is on the possibility of testing our technique in

heavy bosons other than 8. The charmed-meson version
of our crucial relation Eq. (10) reads

gD.D, (mD. mD)' /2f, . (i4)

and

&p+
I uyib IB'&-l~'XI, E (p)pg paG(q'),

G(q ) ma(fp/f~)(m~/m„d)/(m~. —
q ),

I uy~b IB & ez(A&)H(q ),
H(q ) 2(mama. )(f&/fz, )mz, /(ma. —

q ),

(is)

(i6)

where f~ and f~, are defined as

&o I uyÃ I p & -~&fpe(p),
(i7)

&0 I u yiysd I
A i & ~&f~,e~(A i) .

We know that f~, =f~ (Ref. 13) and f~ 2m~~f 2. '4 The
matrix elements of Eqs. (15) and (16) give us with

fa 60 MeV

I (8 p+1 v)/I (b ul v) =0.08,
V

r(8'- A+1 v)/r(b- ut v) =O. i2 .
V

(i8)

(i9)

In our approach, the axial-vector current uyzysb does not
lead dominantly to one-hadron final states if uy&y5b is
dominated with B~ of J 1+. The reason is that 8 can-
not make a transition to a p wave bound state 8~, after x,
p, and A I fields are expressed in terms of generators of
SU(6). Therefore, the axial-vector current uyzysb tends
to generate multibody final states in the leading nonrela-
tivistic order. Keeping this fact in mind, we find that our
rates, Eqs. (18) and (19), are not in marked disagreement
with the prediction by the bound-state model for p and

The relation can be tested in principle in D decay if we
know how to compute radiative D decay rates. If we

adopt the nonrelativistic M 1 transition picture with

m„d 0.3 GeV and m, 1.7 GeV, we obtain B(D~D+ y) = 1.3% and B(D 0~ Doy) =25% as compared
with the world-average values'2 of data, (17 ~11)%and
(48.5+' 7.6)%, respectively. However, the calculated
branching ratios are highly sensitive to the tiny phase
space rnD. —mD —m„, and there is still too large experi-
mental uncertainty in B(D + D+y), which used to be
quoted as (8+'8)%. Therefore, Eq. (14) cannot be tested
reliably in D decay.

The strategy of bringing 8 on shell and extrapolating
a final meson to zero energy is applicable to the transitions
8~ p and 8~ A~ as well, if one adopts the usual as-
sumption that isovector vector and axial-vector currents
are dominated by p and A &, respectively. Treating 8 and
8 as s-wave bound states, we obtain by this method the
matrix elements

A ~. When we combine our numbers, Eqs. (12), (18), and

(19), for 8 ++1 v, p+1 v, and A~+1 v, the sum of
these rates saturates about 80% of the rate for b ul v

through the weak vector current, I (b
ul v) —,

' I (b ul v). We would like to argue that
V

this saturation by rr, p, and A
&

is not absurd.
In the spectator model of semileptonic 8 decay, the in-

variant mass of the spectator d and the produced u is
given by mr, (m)+ m„+2mdE„) ' 2 with m„~ E„
& —,'ma. Here, for simplicity, we have replaced Fermi
motion of the spectator d by the constituent mass mp of d
at rest. For my=0. 3 GeV, mr, is no larger than about 1.3
GeV (=m~, ). Although actual Fermi motion creates a
high-mass tail, saturating ud pair states below 1.5 GeV
with x, p, and A ~ is not out of line from our experiences in
current-algeba sum rules.

Finally, we should examine critically how much we can
trust our numerical answer for 8(8 x+1 v). Extra-
polation of F+(q ) by 8 dominance can be questioned
when q~ is far away from mg . However, ex rimenters
can always select data samples from a large-q region and
compare them with the di6'erential decay rate of Eq. (11)
to extract Vb„. The uncertainty related to 8 dominance
can be largely circumvented in this way in data analysis.
The cornerstone of our calculation is the value of ga.z,
given by Eq. (10). How reliable is it'? The same formula
for K, gx.g„(mxmx. )' /2f„gives a K width of 61
MeV, as compared with the experimental value of 51
MeV. This is a 20% overestimate. ' If we trust the
world-average values' of m(D ) —m(D ) and B(D

Doy) data and the nonrelativistic M 1 transition calcu-
lation for D D y, gD.D, (mD. mD)' /2f, overesti-
mates the value of gD.D, by about a factor of 1.7. In gen-
eral, deviation from the static quark limit reduces the
magnitude of ga. f7,. This reduction is caused by relativis-
tic mixing between spin and orbital wave functions, which
used to be called "leakage" in sum rules. Therefore, it is
not surprising if an experimental value of
I (80 ++I v) comes out to be a little smaller than our
prediction. However, we find no reason to expect a reduc-
tion in rate to be much more than a factor of 2 near the
8 pole.

To conclude, we present a final form of our prediction
on the decay rate for 8 x+1 v from PCAC and the
nonrelativistic picture of 8 and 8

dI /dE, (0.80++))x Eq. (11) . (2o)

B(B ++1 v) =(0.098—+II:II)s)(f /f ) I I bu/I I

(2i)

The upper limits correspond to no leakage, Eq. (12), the
central values are obtained with the reduction factor tak-
en from the K width, and the lower limits come from the

If one integrates in E, over the entire kinematical region
with the 8 -dominated form factor and takes account of
the experimental value' for B(8~1X) and a phase-

space correction factor I (b ul v)/I (b cl v) =2.2,
the branching ratio comes out to be
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most prudent values based on the current world averages
of the D decay parameters. Some readers may be
disappointed with rather large theoretical uncertainty, in
particular, in the lower limits. Note, however, that the er-
rors are not statistical and that even the lower limit is still
more than three times larger than the prediction of Ref. 3.
Claiming any better theoretical reliability would simply
be unfounded at the present moment. With Is 60 MeU,
where f, is normalized to 93 MeU ( 131 MeU/J2), and

) Vh„/Vs, ) =0.05, for instance, the central value of the
right-hand side of Eq. (21) is 2&10, which is within
reach of current experiments. For the purpose of extract-
ing a value of Vh„/Vh„ it will be more reliable if one
selects data toward the large end of q, namely, low-
energy pions for analysis. It is also interesting to look for
the decay D ~ x 1+v at the y(3S) peak in e+e an-
nihilation. Our prediction based on the same set of as-

sumptions is

B(D x l+v)=(0.071+))))4o)(fD/f, ) ) V,d), (22)

where B(Do l+X) =7% has been used and the upper
and lower bounds have been obtained in the same way as
in Eqs. (20) and (21). Since the value of ) V,g/V„) is
better known, experiment in D x l+v will be able to
narrow the theoretical uncertainty.
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