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After using the heavy meson chiral perturbation theory and the monopole ¢°> dependence of the
form factors, and considering the SU(3) breaking corrections, we obtain g = 0.30 £ 0.06 from the
experimental data of the D — K semileptonic decays, where g describes the interactions of heavy
mesons with pseudo Goldstone bosons. This result still depends on the decay constant fp,. By
applying this value to the B — = semileptonic decays, the Cabibbo-Kobayashi-Maskawa matrix
element V,; can be determined in a comparatively precise manner. Some theoretically clean two-
body nonleptonic B meson decays are also discussed, which may be useful in determining V.

PACS number(s): 12.15.Hh, 12.39.Fe, 13.20.He, 13.25.Hw

I. INTRODUCTION

The Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ement V,; is an important parameter in the standard
model. It plays a crucial role in our understanding of
the mechanism of CP violation. The determination of its
value from experiments depends on the knowledge about
the nonperturbative aspects of QCD. Basically there are
three ways of the extraction of V,;: the first is from the
exclusive B meson decays, the second is from the inclu-
sive decays, and the last is from the purely leptonic de-
cays of B mesons. In this paper, we focus on the first way.
In the exclusive decays, the hadronic matrix elements of
the weak currents need to be calculated by some non-
perturbative QCD methods. In addition to the lattice
simulation, the most powerful nonperturbative methods
are the chiral symmetry and the QCD sum rules. We
will use the results of these methods, which combine the
heavy quark symmetry [1], as far as possible in calculat-
ing the hadronic matrix elements of the heavy-to-light
meson transitions.

The heavy meson chiral perturbation theory [2] is es-
sentially a model-independent method in calculating the
low-momentum properties of mesons containing a sin-
gle heavy quark. As a low energy effective field the-
ory of QCD, by combining the chiral symmetry and the
heavy quark symmetry, it can be used to study systemat-
ically the low energy strong interactions among the heavy
mesons and the pseudo Goldstone bosons. Calculation in
this theory is reliable when the energies of the Goldstone
bosons are small compared to the typical scale of the
chiral symmetry breaking. In the heavy-to-light meson
semileptonic decays, from which V,,; is extracted, how-
ever, a large part of the phase space of the light pseudo
scalar meson lies in the region where the chiral perturba-
tion theory cannot be applied. So we can only apply the
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heavy meson chiral perturbation theory in the soft-pion
limit. Beyond this limit, some other method has to be
applied.

QCD sum rules [3] are analytic methods which are
rooted in the QCD first principles. They can successfully
describe the dependence of the hadronic matrix elements
on intermediate values of the transferred momentum. In
this paper, we are interested in the hadronic matrix el-
ement of heavy meson M with momentum P and light
pseudo scalar meson m with momentum p, which is de-
fined as follows:

(m(p)|Vi, — AulM(P)) = f+(¢*)(P + P)u
+f-(@*)(P =P » (1)

where V,, and A, denote the vector and the axial-vector
currents, respectively. fy(g?) and f_(g?) are the form
factors with ¢ = P —p. In the semileptonic decays which
will be used to extract the parameter V., the contribu-
tion of f_(q?) is suppressed by the lepton mass. The
result of QCD sum rule investigations for f(g?) is that
it has a pole dependence:

f+(q2) = £+(0)

= T o/ _92 >
1- qz/mﬁole

(2)

where the pole mass mpoe is the mass of the nearest
resonance in the ¢ channel. This result is in agreement
with the assumption of the Bauer-Stech-Wirbel (BSW)
model [4], and with the result of lattice QCD [5].

To employ the above-mentioned theoretical ap-
proaches, we will choose the experimentally viable pro-
cess B — wly(l = e, u) in extracting V,p. In calculating
the hadronic matrix elements of the heavy-to-light me-
son transitions, at first we will use the heavy meson chiral
perturbation theory to obtain the value of the form factor
f+(g2,.,) which corresponds to the soft-pion limit. Then
beyond this limit, the monopole g?> dependence of the
function fi [Eq. (2)] will be used for all the other values
of ¢g2. The matrix element (w|V — A|B) can be related
to the matrix elements (7|V — A|D) and (K|V — A|D)

4558



50 V., EXTRACTION FROM EXCLUSIVE DECAYS

through the heavy quark symmetry and the chiral sym-
metry in the soft-pion limit. This paper mainly analyzes
the matrix elements (K|V — A|D) and, as an outcome,
(w|V — A|B). This analysis is subject to some theoretical
uncertainties due to large SU(3) breaking effects. Within
the framework of the heavy meson chiral perturbation
theory, these breaking effects have been calculated at the
one-loop level [6-9]. We will include them in the analysis.
On the other hand, this analysis has less uncertainty due
to experimental error, because the experimental data of
D — K semileptonic decays are much more precise than
those of the D — 7 semileptonic decays.

For extracting V., several authors have discussed
the relations among the matrix elements (w|V — A|D),
(K|V — A|D) and (r|V — A|B), (K|V — A|B) by heavy
quark symmetry [1,10]; however, the SU(3) symmetry
breaking effects could not be included systematically. In
this paper, by including the chiral symmetry breaking
corrections, the D — K semileptonic decays are analyzed
in Sec. II, and the obtained result is combined with that
from D — = [8]. For the coupling constant g, which
describes the interactions of heavy mesons with pseudo
Goldstone bosons, we obtain g = 0.30 = 0.05. This value
is much more precise than the previous direct estimation
from the D* meson strong and radiative decays [7]. But
this result relies on the value of the decay constant fp,,
and of course, the monopole g dependence of the form
factor, in addition to the approximation in considering
the SU(3) corrections. By applying this value of g, the
B — 7 semileptonic decay, and hence the CKM matrix
element V,;, is discussed in Sec. III. Although the final
result for the branching ratio relies on the decay constant
fB, its uncertainty induced by g is rather small. Section
IV discusses the extraction of V,,; via some nonleptonic
decays. We summarize our results in the final section.

II. D - K SEMILEPTONIC DECAYS

The hadronic matrix element appearing in the D —» K
semileptonic decays can be parametrized as Eq. (1). To
the leading order, the heavy meson chiral perturbation
theory gives that

fm gv-p
f++f—=——f—‘( _v-p+A)’ (3)
and
___gfmmp
fer =" F0 e Ay “

where fpr and f are the decay constants of the heavy
and light mesons, respectively, v = P/mp denotes the
four-velocity of the heavy meson, A = m}, — mp, and
g is the coupling constant describing the interactions of
heavy mesons with pseudo Goldstone bosons. The chiral
symmetry breaking can be further calculated in the same
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way as that in the B — K transitions [9]. These correc-
tions in general involve two kinds of contributions. One
is from the additional terms in the chiral Lagrangian, the
other is from the nonanalytic corrections which are deter-
mined by the loops of the leading term Lagrangian due
to the different Goldstone masses. Although the total
corrections are independent of the renormalization scale
i, each of the two kinds is p dependent. When u is
chosen to be the chiral symmetry breaking scale, that is
1 GeV, the dominant corrections are in fact the chiral
logarithms because of the small light quark masses [6,7].
We will only take these chiral logarithms as the chiral
symmetry breaking corrections in the following analysis.
The one-loop diagrams contributing to the form fac-
tors of Eq. (1) have been given in Refs. [8] and [9]. In
evaluating these diagrams, we make the following approx-
imations.
(i) The up and down quark masses are neglected, and
the 7 meson mass is expressed in terms of the kaon mass,
4
m2 = gmfy{ . (5)
(ii) The mass splitting A in the loops are set to zero
except when they appear in a pole. Then using the results
of Ref. [9], we obtain in the soft kaon limit that

(K (px)[57*(1 = 75)e|D(v))

_ fumpo# 52 11
(129

b — vhv - 28 89
_ngmDPK vhv - px [1_ (_+_ 2>X] ,

7 vopk+A 9 " 187
(6)
where x is defined as
2 2
_ _Mk mk
X = 161r2f,§1nF . (7)

After considering the renormalization of the decay con-
stants and the wave functions of the meson fields, we find
that Eq. (6) becomes

(K(px)I37*(1 — 75)c| D(v))

_ gfn,mo Pk —v'v-pk
fx fk vepk+A

x [1 + (g - 3;92) x] . (8)

The above equation will have the same structure as
Egs. (3) and (4), if the renormalized coupling constant
gk is introduced:

gx=g{1+ (g—z—syz)x] . (9)

_ _fp,mpv*
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From the experiments, we can fix the value of the pa-
rameter gx, and hence the parameter g which is universal
and will be needed in estimating the hadronic matrix el-
ement of B — 7. In the D — K semileptonic decays, the
value of the form factor f,(q?) at g2 = 0 GeV? has been
precisely measured [11],

|£4+(0)] = 0.70 £+ 0.04 . (10)

The soft kaon limit is at g2, = (mp — mk)?. The
value of f,(q2,,) is related to fi(0) through Eq. (2)
with mpele = mp:. As we have mentioned previously,
this relation is both a QCD sum rule result [3] and a
quark model assumption [4]. Combining Egs. (1),(2),(8),
and (9), we get

_ mg +A |2fkx m%:
mp —mg | fp, mp. — (mp — mg)

9k =

2f+(0) +1f.

(11)

By taking fp, = 283 MeV, which is the weight-averaged
value of the experiments [12], the numerical results for
gk and g given in Eq. (9) are

gk = 0.21 +£0.04 [f1(0) < 0]

= —1.28 £ 0.04 [f,(0) > 0] , (12)
g =0.30£0.06 [f,(0) < 0]
= —0.98 +0.03 [f4(0) > 0] . (13)

The SU(3) correction to the coupling constant is about
30%.

For a comparison, the results of the coupling g ex-
tracted from the D° — n~etv, decay are listed in the
following [8]:

g = 0.30 £ 0.13 [f7(0) < 0]

= —0.50 £ 0.11 [f7(0) > 0] , (14)

where we have used the D meson decay constant fp =
220 MeV. From Egs. (13) and (14), it is clear that g > 0
is a reasonable choice. Although the determination of
g from D — K semileptonic decays has a larger SU(3)
correction (~ 30%) than that from D — 7 semileptonic
decay (~ 20%), its experimental error in the former case
is rather small. To be more precise, the results given in
Egs. (13) and (14) can be combined,

g =0.30%£0.05. (15)

This value will be used to calculate B — 7 semileptonic
decays. It should be noted that this result depends on
the value of fp, in which the experimental errors are still
large [12] and they are expected to be reduced in the near
future. However, the result is not sensitive to the value
of fp which has been used in getting Eq. (14), because
Eq. (13) plays the main role in fixing this value.

II1. V,;, EXTRACTION FROM B - =«
SEMILEPTONIC DECAYS

In the B — wly(l = e,p) semileptonic decays, the
CKM matrix element V,, can be determined if we have
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reliable knowledge about the form factor fi(g?). In the
limit of vanishing lepton masses, the differential decay
rate is given by

dr  Gim}

dr 19273 Vas|2{(1 —z + %)% — 4r?}*/2| £, 2, (16)

where r = m,/mp, ¢ = ¢®°/m%. f; is a function of
g%. The heavy meson chiral perturbation theory results
in the form factors given in Egs. (3) and (4) in the soft-
pion limit. In this case, A = mp+. —mpg. There is a large
region in the phase space where the pion energy is beyond
the accepted range of the soft-pion limit. Beyond this
limit, the QCD sum rules (and also the BSW model) give
out the g2 dependence of the function f, in Eq. (2). By
combining Egs. (2)-(4) and (16), neglecting the quantity
r and taking mpg. = mp, the total decay rate can be
obtained easily,

GZ m5
= SETB |V, 0), a7
where
1m%. — (mp — my)? mp —m« \ fB
== 1 1B
f+(0) 9 sz. + Ma + A f1r

(18)

The experimental measurements of the D* — D7 decays
and the D* radiative decays provide an upper limit and
a lower limit to the coupling g, respectively [7],

0.1<g?><05. (19)

We obtain the following range for the total decay rate of
the process B® — n~etv:

2
r= gVub|2(190fﬁ) (1.1 — 4.9) x 107 GeV . (20)

The corresponding branch ratio is

Vub
0.005

2 2
/B _
(190 MeV) (0.54 —2.4) x 1073 . (21)

Due to Eq. (19), the uncertainty of the branching ratio
is still large and has to be narrowed for a more accurate
estimation.

To consistently use the results of the last section, we
have to include the one-loop results into the form factor
calculation. By a similar procedure to the last section,
we see that the hadronic matrix element is

(m(px)[@7* (1 = 5)b| B(v))

_ _fsmpo* _g"meB Pr — v*v pr (22)
f1r f1r v-p,,+A

Both Refs. [8] and [9] have given the renormalized cou-
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pling constant g,

gr=g [1 - (1 + %‘Egz) x] , (23)

where the value of g has been given in Eq. (15) numeri-
cally. In calculating the decay rate with chiral logarith-
mic corrections, all we need is to substitute the “bare”
coupling g in the expression of Eq. (18) with g,. There-
fore, for the semileptonic decay B® — 7~ e*v, we obtain

2
T = |Vi|? (Eof;{W) (1.3£0.4) x 1071 GeV
(24)

Vub

B =
0.005

2 2
fB —4
(190 MeV) (6.4+2.0) x 1074 .

Compared with Egs. (20) and (21), the error of the above
estimation is rather small. We see that, as a result of
Eq. (18), the determination of Vi, still depends on the

_ G%qudePmané(.)
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value of fg. When fg, I, or the branching ratio are mea-
sured, we can determine the value of |V,;| from Eq. (24).

IV. V,; EXTRACTION FROM NONLEPTONIC
DECAYS

For the sake of increasing the precision of V,,; determi-
nation, one can also try to find some theoretically clean
B meson nonleptonic exclusive decay channels [13]. In
this case, the factorization hypothesis has to be used in
practical analysis. Therefore, the heavy meson chiral per-
turbation theory and the QCD sum rules can be applied
just as in the case of the semileptonic decays. In addition,
the numerical results can be obtained by using the value
of the coupling constant g we have given in Eq. (15).

The decay processes which we consider can be de-
scribed by the external W-emission diagram. A B meson
decays to a pion and a charmed pseudo scalar Dy, or vec-
tor DE") meson which comes from a color singlet charged
current. After factorization, the amplitude of the pro-
cess is expressed by the product of two matrix elements.
With the definition of the B — 7 matrix element Eq. (1),
the widths of the decay can be easily calculated:

sar 217 = — 4P =) f (md )+ tf(m P (25)

for the decay B — 7rD(:)

G4\ VusVei|*my f3-

ro O (1472 — )2 — 4r2]3/2fi(m%(-')) (26)

327

for the decay B — WDZ;;, where i denotes d or s, and
t= mi)(:)) /m%.

For t&xe above width formulas, a few remarks should
be made. (i) The Wilson coefficient a; has not been in-
cluded (or |a;| has been simply set to unity). In the
BSW model [4], its central value is |a;| = 1.11. How-
ever, in a recent analysis of heavy quark effective theory,
lai] = 0.88 [14]. (ii) To our knowledge, there is still no
concrete model-independent conclusion for the form fac-
tor f_(g?). In the later evaluation, f—(g2) will be of the
BSW model assumed g% dependence [4]. Therefore, there
are some additional theoretical uncertainties in calculat-
ing the B — 7D, decays. (iii) The decays B — D~
and B — wD*~ are double CKM suppressed. So the
B — D7 and B — 7D:~ are the favorite modes for
our purpose.

The numerical results of various decay modes which we
are interested in are listed in Table I. The decay constants
have been assumed as fp = 190 MeV, fp = fp. = 220
MeV, fp, = fp: = 283 MeV. We have taken the coupling
g = 0.30. The measurement of B® — 7~ D7 gives |V,3| <
0.01.

Note that the method we have used to calculate the
nonleptonic decays still relies on the factorization hy-

pothesis. As a test of this hypothesis, we further evaluate
the following quantity assuming factorization:

_ I'(B° > «*D:™)
~ dI(B® - wte7.)/dg?|

= 67"21%; Ves|? -

2
=m
b3

(27)

The measurement of R, which can be performed in a B
factor, will provide this test.

To eliminate the uncertainties associated with the Wil-
son coefficient a;, we may consider the ratios of the
branching fractions in which both a; and fp. cancel,

TABLE I. Branching ratios of some nonleptonic decay
channels of the B meson.

Modes B

nD~ 0.30|Vus[?
nD*~ 0.23|Vy, |2
nD; 9.6|Vus|?
xD}~ 7.4‘Vub‘z
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such as
R =B(B° - 1r+D:_)/B(§° — DT D7)

2
Vu

~ 1.2
Vea

where the process B® — D+ D*~ has been considered in
Ref. [14]. This ratio is expected to be measured in the
near future, and that will provide us the value of V,,;, with
less theoretical uncertainties. Such kind of ratios are also
free of systematic experimental errors.

V. SUMMARY

By using the results of the heavy meson chiral pertur-
bation theory and the QCD sum rules, the CKM matrix
element V,;, can be extracted with less experimental er-
rors in a model-independent way. The hadronic matrix
elements of the heavy meson to light pseudo scalar me-
son semileptonic decays can be calculated reliably with
these two methods. For the decays of B — m, the pre-
cision of the calculation is subject to the uncertainty of
the coupling constatnt g. The uncertainty is large from
direct estimation [see Eq. (19)]. The data of the D — K
semileptonic decays may provide more precise informa-
tion of the value g in principle, despite the large SU(3)
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corrections. If only the one-loop chiral logarithms are
taken as the leading SU(3) corrections (with the renor-
malization scale at 1 GeV), the value of g can be fixed by
the D — K semileptonic decays with comparative pre-
ciseness. Combining with the value obtained from the
D — 7 semileptonic decay, we have got g = 0.30 £ 0.05.
The confidence level of this result still relies on the value
of the decay constant fp,. This value g has then been
applied to the evaluation of the B — 7 semileptonic de-
cays. We have obtained the resulting branching ratio for
B% 5 nte .,

Vu b

B =
0.005

2 2
fB —4
(190 ooy | (B4£20)x 1077

The extraction of V3 from the two-body nonleptonic de-
cays has also been discussed. The mode B — wD;~ has
been considered as the best nonleptonic decay channel.
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