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The semileptonic B decay, B®— =%/ 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 Vj,.

The first evidence for the 56— u transition has been re-
ported by the ARGUS Collaboration' in the two exclusive
modes: BT — pprt and B°— pprtz~. Relating the
reported branching ratios

BB— pprt)=(3.7+13+14)x10~*
and
B(B— pprtr~)=(6.0+2.0+2.2)x10"*

to the b— u transition strength V}, 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 ¥V}, 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 B decays also. From an experimental
veiwpoint, the decay B’— z*! ~v has a special advan-
tage because the plot of the invariant mass (pz —p,— p;)?
shows a peak at zero, the rest mass squared of the neutri-
no. The decay rate for B— nlv was computed lz)rcviously
by treating the pion as a two-body bound state®® and by
applying a few semiquantitative methods. *

We have examined the decay mode B°— z*/ 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 B— plv and B— A,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 A4,. The sources of ambiguity in
our calculation have been critically investigated to show
how much uncertainty is involved in a theoretical estimate
of the B— nlv decay rate.

Before presenting our results of computation, we would
like to remark on plausible values for V3, deduced from

kYA

the ARGUS branching ratios. It has been known? that
B(B— AX)=(1.4%£29)x1072

and
B(B— pX)=(6.1£08+1.0)x10 2

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— uiud is approximately 8%. The real difficult issue is
how much of B— pX is the three- and four-body decays
B— ppr* and ppr*n~. The inclusive hadron spectra
for , K, and p in e Ye ~ annihilation at Vs =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
(=mp—2%1.3 GeV) is left behind to be partitioned into
pions. If we apply this picture to the B decay, it appears
unlikely that NNz and NNzn dominate in the inclusive
decay B— NNX. By assigning an equal statistical weight
to each of the allowed modes, we can make the following
educated guess:

B(B*— NNz)=3B(B*—ppr*) ,

1)
B(B*— NNnr) =~4B(B°— ppn*n~) ,
and therefore
B(BY— NNz+NNzn)=3.5x1073 | )

with experimental errors from the ARGUS data.! Conse-
quently, | V4, | ?is to be extracted from

8x1072)(ry+73)2.2| Vo /Vie | 2=3.5x1073 , (3)

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

239 © 1988 The American Physical Society



RAPID COMMUNICATIONS

240 MAHIKO SUZUKI a

b— cud. A very conservative value, r,+r3=0.5, leads us
to

[ VoulVie | =0.2 )

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 B and a final hadron X at a vanishing spatial
momentum transfer, namely, for B and X both at rest.>~*
For a moving X, the matrix element (X | @7y, (1 —¥5)b | B)
obtained at g?=(pp —px)?=(mg—myx)? can be extra-
polated with form factors dominated with B* and Bj.
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 (x| &y, (1 —y5s)b | B) with the two-
body bound-state picture only for B and B*, not for .
The pion is treated correctly as a Nambu-Goldstone bo-
son, namely, by PCAC (partial conservation of axial-
vector current). We need to assume B* dominance in the
vector form factor at least near ¢ Zm(mp—m,)2

Our picture of the decay B— =lv is drawn in Fig. 1.
Only the vector current contributes to B— x. In the
bound-state picture for B and x, the matrix element was
evaluated with B and = on mass shell. By contrast, we can
evaluate it for a soft pion with B and B* 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. B* dominance gives us

(x* lanb| B%=F, (g® (ps+poa
+F_(g»)(pg—ph , (5)
Fi(@)) =2fpegpes/(mg—q?) , (6)

where g =pg —p,, \/fgg. g, 1S the strong coupling of
B**— B%™, and fp. is defined by

0)ayb | B* ™) =2fpee(pp)s . @)

The constant fg. is related to the B decay constant fjp,

FIG. 1. The B-to-B* transition through the SU(2) chiral
current to which the pion field is related by PCAC.

with the normalization of f,=93 MeV, by
fae =(mgemp) fp | 8)

in the nonrelativistic model of B and B*. The numerical
values of fp from different theoretical estimates® and
from the B*-B mass difference’ give the f3/f, ratio in the
range of

falfe=0.728% . )

B* dominance in the F4 form factor is expected to be ac-
curate near the kinematical boundary g%=(mg—m,)?>
but less certain as g2 decreases. The strong-interaction
coupling ggs5, is obtained by use of the PCAC relation for
a massless pion combined with the nonrelativistic bound-
state picture for B and B*,

(10)

Then the differential decay rate for B®— =/ ~v is given

gp+5x = (mgsmp) 1/2/2f” .

dr G?
1273

mg | Viu | 2 e 2 1 2“—_1,”3
B1Vbul 1'm S| A—q¥mp)?*’
(11)

where the pion energy E, is equal to (mg+m?2—gq?)/
2mg. When we integrate Eq. (11) in E, with the B*-
dominated form factor over the entire phase space, we ob-
tain

r'(B°— z¥1 =~ v)/T(b— ul ~v) =0.48(f5/f:)? . (12)

With fz=60 MeV, the right-hand side of Eq. (12) is
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 fp 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 K;3; form fac-
tors, the current-algebra relation

FE md)+FE (mg) =fx/fe

supplemented with the experimental values'® F$(0)
=0.961, fkx/fx=1.22, and the slope parameter
A+=0.030, gives us F ®(mg)=—0.11. If we treated =
and K as two-body bound states, the overlap of their wave
functions would be given by

B.

(wi | o) =+ (memg) ™ 2(F 4 ((mg — my)2) (mg +m,)
+F_((mg —m,)z)(mx -m,)].
13)

Extrapolating F$ with A+ =0.030 and F % with a flat
q? dependence as evidenced in experiment, one finds that
the right-hand side of Eq. (13) is 1.32. This means that K
and n wave functions “overlap more than 100%.” This is
one evidence that the two-body bound-state picture does
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not work for the pion.!! Our value of F+ for the B—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 B. The charmed-meson version
of our crucial relation Eq. (10) reads

gp+5e=(mpsmp) '2/2f, . (14)

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 M1 transition picture with
m, ¢=0.3 GeV and m.=1.7 GeV, we obtain B(D**
— D*%y)=1.3% and B(D*°— D°7) 25% as compared
with the world-average values'? of data, (17 +11)% and
(48.5+7.6)%, respectively. However, the calculated
branching ratios are highly sensitive to the tiny phase
space m« —mp —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 B* on shell and extrapolating
a final meson to zero energy is applicable to the transitions
B— p and B— 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 B and
B* as s-wave bound states, we obtain by this method the
matrix elements

(p*|ayb|B® =ier, e (p)ptpsG(g?) ,

(15)
G@») =mp(fp/f,)m2Imy, )/ (m} —q?) ,
and
(A" lapb | BO =e(4)H(g?) ,
(16)
H(q?) =2(mpmpys)(fa/fa,)m3 /(m3s —q?) ,
where f,, and f4, are defined as
O|and|p™)=V2f,alp) ,
an

Olanysd| A7) =v2f4,6(4))

We know that f4,=f, (Ref. 13) and f;? =2m2f2'* The
matrix elements of Eqs. (15) and (16) give us with
fB =60 MeV

r(E"—» pT1~v)/T(b— ul “v)=0.08 , (18)
F(B°—+A 1= v)/T(b— ul “v)=0.12 . (19)

In our approach, the axial-vector current iy, ysb does not
lead dominantly to one-hadron final states if &y, ysb is
dominated with B of JP=1". The reason is that B can-
not make a transition to a p wave bound state B, after z,
p, and A, fields are expressed in terms of generators of
SU(6). Therefore, the axial-vector current iy, ysb 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

A;. When we combine our numbers, Egs. (12), (18), and
(19), for B— n*1"v, p*1 v, and A{'! ~v, the sum of
these rates saturates about 80% of the rate for b— ul " v
through the weak vector current, r
> ul “v)=3T(b— ul "v). We would like to argue that

this saturation by =, p, and A4, is not absurd.

In the spectator model of semileptonic B decay, the in-
variant mass of the spectator d and the produced u is
ngen by mp=(mi+mi+2myE,)"? with m,<E,
< + mp. Here, for simplicity, we have replaced Fermi
motion of the spectator d by the constituent mass m, of d
at rest. For my==0.3 GeV, my is no larger than about 1.3
GeV (=my,,). Although actual Fermi motion creates a
high-mass tail, saturating ud pair states below 1.5 GeV
with =, p, and A, is not out of line from our experiences in
current-algeba sum rules.

Finally, we should examine crltlcally how much we can
trust our numerical answer for B(B°— z*/~v). Extra-
polatlon of F+(¢?) by B* dommance can be questioned
when g2 is far away from mj 2. However, experimenters
can always select data samples from a large-q “ region and
compare them with the differential decay rate of Eq. (11)
to extract V,. The uncertainty related to B* dominance
can be largely circumvented in this way in data analysis.
The cornerstone of our calculation is the value of ggsg,
given by Eq. (10). How rellable is it? The same formula
for K*, ggsg, = (mgmy+)?/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'2 of m(D*°) —m(D®) and B(D*°
— D%) data and the nonrelativistic M 1 transition calcu-
lation for D*°— DOy, gpep, = (mpemp)'?/2f, overesti-
mates the value of g,«5, by about a factor of 1.7. In gen-
eral, deviation from the static quark limit reduces the
magnitude of ggs5,. 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'(B°— z*1~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
B* pole.

To conclude, we present a final form of our prediction
on the decay rate for B®— z*/ ~v from PCAC and the
nonrelativistic picture of B and B*:

dr/dE,=(0.802839) xEq. (11) . (20)
If one integrates in E, over the entire kinematical region
with the B*-dominated form factor and takes account of
the experimental value'? for B(B— IX) and a phase-
space correction factor ['(b— ul “v)/T(b— ¢l “v)=2.2,
the branching ratio comes out to be

B(B®— z*17v)=(0.098 *8323) (f3/f:)* | Vou/ Vs | *
1
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
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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 f =60 MeV,
where f, is normalized to 93 MeV (=131 McV/\/f), and
| Vou/Vie | 2==0.05, for instance, the central value of the
right-hand side of Eq. (21) is 2x10 73, which is within
reach of current experiments. For the purpose of extract-
ing a value of Vp,/Vs,, it will be more reliable if one
selects data toward the large end of g2 namely, low-
energy pions for analysis. It is also interesting to look for
the decay D°— z I *v at the y(3S) peak in e *e ™ an-
nihilation. Our prediction based on the same set of as-

sumptions is
B(D°— 7 1*V)=0.011 23D (/) Vaul?, (2)

where B(D®— It 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.4/V.| is
better known, experiment in D°— z =/ *v will be able to
narrow the theoretical uncertainty.

The author is grateful to L. Wolfenstein for having
drawn his attention to the special importance of the decay
B— rlv and to the members of Theory Group of Berkeley
for conversations. This work was supported in part by the
National Science Foundation under Research Grant No.
PHY-85-15857 and in part by the U.S. Department of
Energy under Research Contract No. DE-ACO03-
76SF00098.

IARGUS Collaboration, in Proceedings of the International
Symposium on Lepton and Photon Interactions at High Ener-
gies, Hamburg, 1987 (unpublished).

2M. Wirbel, B. Stech, and M. Bauer, Z. Phys. C 29, 637 (1985).

3B. Grinstein, M. B. Wise, and N. Isgur, Phys. Rev. Lett. 56,
298 (1986); and Caltech Report No. CALT-68-1311, 1986
(unpublished).

4S. Nussinov and W. Wetzel, Phys. Rev. D 36, 130 (1987).

SCLEO Collaboration , M. S. Alam et al., Phys. Rev. Lett. 59,
22 (1987).

8D. G. Aschman et al., Phys. Rev. Lett. 41, 445 (1978).

"CLEO Collaboration, S. Behrends ez al., Phys. Rev. Lett. 59,
407 (1987).

8E. Golowich, Phys. Lett. 91B, 271 (1980); H. Krasemann, ibid.
96B, 397 (1980); M. Claudson, Harvard University Report
No. HUTP-81/A016, 1981 (unpublished); M. Suzuki, Nucl.
Phys. B177, 413 (1981); Phys. Lett. 142B, 207 (1984).

9K. Han et al., Phys. Rev. Lett. 55, 36 (1985); M. Suzuki, Phys.
Lett. 162B, 392 (1985).

10H, Leutwyler and M. Roos, Z. Phys. C 25, 91 (1984).

1]t was sometimes suggested that a “mock pion mass” be sub-
stituted in the current-algebra relation for K;3 and in the
SU(6) relation for the pzr coupling. We find that it is very
hard to justify this logic consistently.

12Particle Data Group, M. Aguilar-Benitez et al., Phys. Lett.
170B, 1 (1986).

13S. Weinberg, Phys. Rev. Lett. 18, 507 (1967).

14K Kawarabayashi and M. Suzuki, Phys. Rev. Lett. 16, 225
(1966); Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071
(1966).

I5An SU(6)-rotated value of the Kawarabayashi-Suzuki-
Riazuddin-Fayyazuddin (KSRF) relation (Ref. 14) is gg*g,
=my+/v2fr. The mismatch of factor v2 between the KSRF
relation and the naive quark model or SU(6) prediction was
noticed by J. J. Sakurai [Phys. Rev. Lett. 17, 552 (1966)].
This is another sign of failure of a naive bound-state picture
of the pion.



