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We examine the measured rates for the decays D — K"y, B — KM and
B — K*vin a number of scenarios, in the framework of the heavy quark effective theory.
We attempt to find a scenario in which all of these decays are described by a single set
of form factors. Once such a scenario is found, we make predictions for the rare decays
B — K¢t ¢~ While we find that many scenarios can provide adequate descriptions of
all the data, somewhat surprisingly, we observe that two popular choices of form factors,
namely monopolar forms and exponential forms, exhibit some shortcomings, especially
when confronted with polarization observables. We predict Br(B° — Koutyu™) =
6.4+1.0x107" and Br(B® — K*%u*p~) = 38+1.3x 10%. We also make predictions
for polarization observables in these decays.

L. INTRODUCTION

The decays of heavy hadrons have recently received much attention in the
literature [1-13]. From the experimental standpoint, these decays allow access to
some of the fundamental parameters of the standard model, such as the elements
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Questions of CP violation,
heavy-flavor oscillations and many others have added to this interest.

From the theoretical standpoint, these processes, and the heavy hadrons them-
selves, allow various quark models of QCD, as well effective theories, to be tested.
In particular, the heavy quark effective theory (HQET) has both been tested by
experimental observations, and has played a major role in the extraction of |V,,]
from experimental data [13].

Much of the success of HQET has been in the treatment of decays from one
heavy flavor to another, namely & — ¢ transitions. The effective theory is more
limited in scope when applied to heavy-to-light transitions, such as ¢ — s or
b — u. Neverthless, as we will outline in a later section, the scaling behavior of
the form factors that describe various weak decays can be deduced [14]. This, in
principle, allows the form factors for b — s transitions to be inferred from those
for ¢ — s.

In this article, we assume the validity of the heavy quark symmetry and
examine the decays D — K™y, B — K4 and the recently measured
B — K™ in a number of scenarios. In particular, we seek a scenario in which al]
of these decays are adequately described by a single set of form factors. A number
of authors have performed similar analyses [15-19], using the decays D — K{*)¢y



and B — K™y with varying results.

Once we find a scenario that is satisfactory for the decays mentioned above, we
examine, briefly, the decays B — K ("¢t ¢~ In this way, we hope to make reliable
estimates of the absolute decay rates for these processes. In a later article, we will
consider more details of these decays, such as forward-backward asymmetries.
These decays, as well as the decay B — K"+, are particularly interesting as
the short distance operators responsible arise first at the one-loop-level, and are
therefore sensitive to new physics beyond the standard model [20-23]. However,
in order for any effects due to such new physics to be clearly identified, the long
distance contributions that arise in the hadronic matrix elements must be well
understood. As witness to this, we point out that the inclusive rate & — sv is
reasonably well understood, while the exclusive rate B — K™+ has been predicted
to be anywhere from 2% to 40% of this inclusive rate {24].

In the case of the nonleptonic and the rare decays, there arises the crucial
issue of the form factors describing the B — K*) transition. Such form factors
may be estimated in various models, from QCD sum rules, or by applying the
scaling relations predicted by HQET to the form factors for the corresponding
D — K®™) transition. The method suggested by HQET, while clearly model-
independent, is itself somewhat problematic, as one must take into account the
fact that predicting B — K", for instance, requires that these relations be
carefully extrapolated beyond the kinematic range accessible in the D — K(*)
transitions. This is because the maximum g2 in the D — K transitions is 1.95
(0.95) GeV?2, while the g% appropriate to the B — K*)4 transition is 9.6 GeVZ.

The HQET symmetry predictions relate form factors at the same value of the
kinematic variable v - v’ (or v - p'), not ¢2, where v and v’ are the four-velocities
of the parent and daughter hadron, respectively. In this case, the extrapolation
isfromv-v"=21in D — Kévrtov v =3.6in B— K. The corresponding
numbers for the K* decays are 1.3 and 2.0. The question of extrapolation also
applies to the rare decays, and is particularly important for the decay B — K*v,
for which ¢2 = 0, but v-v' = 3.0.

For the nonleptonic decays, a second issue is that of the factorization ap-
proximation, which is commonly used to calculate the hadronic matrix elements
required. This approximation is not very well founded in general theoretically,
yet it appears to worl®well phenomenologically in the B decays where it has been
tested. Nevertheless, application of the form factors of some model or effective
theory to the decay B — K1, in conjunction with the factorization approxima-
tion, serves to probe both issues, and may fail due either to inadequate choice of
form factors, failure of the factorization approximation, or both.

The rest of this article is organized as follows. In the next section we describe

briefly the effective Hamiltonians and the appropriate hadronic matrix elements
for the processes of interest. In section 11T we use HQET to obtain relations among
the form factors of interest. In section IV we discuss our fitting procedure, and
present the results for the decays that we are considering. In section V we discuss
possible limitations of our results, and suggest questions that may be of interest
to both theorists and experimentalists.

11. DECAY PROCESSES
A. Semileptonic Decays

Of the three processes we discuss, the semileptonic decays are perhaps the
simplest to treat theoretically. The effective Hamiltonian for these decays is

%Vesg'ﬁ (1 “'?'5)‘:@]"J (1—75)1’(- (1)

The hadronic matrix elements for the decays D — K*) v are

(K@) |57uel D(P)} = frlp+ PV + 1-(p— Py
(K (") 15vavsel D(p)) =0,
(K* (0, ) 15uc| D(P)} = igewvape™ (p+ )" (0 — ¢,

(K*(p', ) Ivuysel D(p)) = fej, + e -plo+p)u+a-€ -plp—p)u- (2
These decays are thus described in terms of six independent, a prieri unknown
form factors. The terms in f_ and a_ are unimportant when the lepton mass is
ignored, since

(p— P)ubr" (1= ys)ve = (ky + k)W By (1 = y5)ve = meby* (1= 1s)ve. (3)

In experimental analyses, the form factors f;, a4, f and g are usually assumed
to have the form

Heﬁ' =

£(0)
- @

fi(é) =

where ¢ = (p — p')?, and m; is a mass, usually taken to be that of the nearest
resonance with the appropriate quantum numbers. To date, only the mass ap-
propriate to fy has been measured, and its value measured by CLEO is 2.0+40.22
GeV [25]). The masses appropriate to ay, f and g are assumed to be 2.5 GeV, 2.5
GeV and 2.1 GeV respectively. The f;(0) have the values 0.66£0.03, —0.14+0.03,
0.40 + 0.07 and 1.55% 0.11, for f4, a4, g and f, respectively [26].



B. Nonleptonic Decays

Neglecting penguin contributions, the effective Hamiltonian for the nonlep-
tonic decays of interest here is

?&g:%%KWZKHmU@nU—7ﬂM@Wﬂ—7HQ

+ Co(my) (587, (1 — ¥3)8) (27" (1 ~ ¥s5)e)], (5)
where
_ l oy () —-6/23 as(my) 12/23
Cilm) = [(a,(mw)) * (a,(mw)) ’
1 as(my) —6/23 oy () 12/23
Calm) =3 [(Gs(mW)) - (as(‘mW)) ' ©

Here, mw is the mass of the W boson, and a,{y) is the running coupling of
QCD. This effective Hamiltonian medlates two classes of B nonleptonic decays.
The first class contains a D in the final state: B —+ DX where X may be D,, D}.
The second class contains a light meson in the final state: B — ‘K’ ¥ where Y
is now a charmonium state.

To evaluate the matrix elements of the effective Hamiltonian we employ the
factorization assumption. By Fierz rearrangement we rewrite the effective Hamil-
tonian in a form which is suitable for use with this assumption. Both terms of
the effective Hamiltonian contribute, in general, but for the decays in which we
are interested, only the second term is of interest, and it may be written

_Gr . 1
Hew = \/chbV;, (CZ(mb) + E‘Cl(mb))

X (57u(1 — y5)8) (8v#(1 =~ ¥3)c), (M

where N, is the number of colors.

At this point, it has become customary to replace the coupling coefficient by
a phenomenological constant aa, whose absolute value is measured to be approx-
imately 0.24. The sign of a» is not important for our discussion at this point. it
will become important if long distance contributions to the dileptonic rare decays
are included.

For the decay B — K*).J/v, we therefore write, after using factorization,

(779K |Heff

G
B) = vg_v;bv;ag (J/9 |Evu(t — 75)¢] 0)
x <1{(‘) I5y#(1 = 75)b) B> . (8)

The hadronic matrix elements (K(*) |5y#(1 — 75)b| B) are analogs of those of the
previous subsection, so that the form factors required for theseematrix elements
may, in principle, be obtained from the ‘semileptonic’ decays of B mesons into
kaons. Such decays do not take place in the standard model, but we can in-
voke heavy quark symmetries to relate the form factors needed to those for the
semileptonic decays of [} mesons to kaons.

The remaining matrix element is

{(J/o(py, eg)ler* (1 — y5)e|0) =

The decay constant fy can be obtained from the leptonic width of the appropriate
charmonium vector resonance as

¢m¢'5¢ (9)

2Tm
fo =\ Pymtre- T (10)

where we have ignored lepton masses. In this way, we find f,=0.382 GeV, and
Jor=0.302 GeV.

C. Rare Decays

In the standard model, the effective Hamiltonian for the decay b — sv is
(20,22,27)

G
Heg = ~ \/}:882 ViV Cr(me)sou, [me (1 + 7s) + m, (1 - 35)]BF*, (1)

where F'#* is the electromagnetic field strength tensor, and the term in m, may be
safely ignored. For the decay b — s£* ¢~ the corresponding effective Hamiltonian
is

G
\/E 4a ViV [21 Cr(rm)so " (1 + 75)!)37"6
+ Colmy)57, (1 — 55) bEY* £ + Cro(ms)5y, (1 — 75)657"75*?] - (12)



The Wilson coefficients C; are as in the article by Buras et al. [22]. For the
discussion at hand, we have ignored contributions that arise from closed ¢g loops,
although these may be easily included.

The only new hadronic matrix elements that arise in the rare decays of interest
are

(K s0,ub B)) = is [(0+9), (0 - ), — (0 + 2, (0= 1), ],
(K* (¢, ) 160,08 BE)) = €uwan |46 (0 + ) +g-¢* (p - p')’
+he p(p+0) (0 - )|, (13)
introducing four new form factors. Due to the relation
oH¥ys = %5“"“’3003, (14)
we can easily relate the matrix elements above to those in which the current is

5¢,,vsb. Experimentally, nothing is known about the form factors s, g+ nor h.

III. HQET AND FORM FACTORS

Using the Dirac matrix representation of heavy mesons, one may treat heavy-
to-light transitions using the same trace formalism that has been applied to heavy-
to-heavy transitions [28,29]. In the effective theory, a 1D meson traveling with
velocity v is represented as [28,29]

D) = 1 = Mo ), (15)

with an identical representatiorn for a B meson. The meson states of the effective
theory are normalized so that

(D(v") | D(v)) = 2u08° (p - p'). (16)
=
The states of QCD and HQET are therefore related by
|D(v)) = /mp [P(v)) - (17)

In all that follows, we will represent the states of full QCD as |D(v)), and the
states of HQET as [D(v)}.

|

Let us consider transitions between such a heavy meson (D meson) and a
light meson (kaon) of spin J, through a generic flavor changing current. In the
effective theory, the matrix element of interest is

(KD (p.n)

I' is an arbitrary combination of Dirac ¥ matrices, and # is the fully symmetric,
traceless, transverse, J-index tensor that represents the polarization of the state
with spin J. The matrix = must be the most general that can be constructed
from the kinematic variables available, and Dirac ¥ matrices. The most general
form for this is [30]

sThL D(v)> = Tr {=T Mp()}. (18)

= = pH1- B
== Vg o=+ Vpyoy

o, (€094 8870 9) 40, (20 #°0-9)] () 19
The £;’s are uncalculable, nonperturbative functions of the kinematic variable
v - p, and the 1 (s) is present if the resonance K¥) has natural (unnatural)
parity.

From this point on, let us limit the discussion to only two of the kaon reso-
nances, namely the ground-state pseudoscalar kaon itself, and its vector counter-
part, K*. The above then leads to

(K |sraP| D)) = Tr {(& + #62) 5T Mp ()},
(K*(p, ) [sTh(O| D)) = Te {[(€5 +BE) € -0 + £ (&5 + P TMD(v)} . (20)

At this point, let us emphasize that the form factors £ are independent
of the form of T, and so are valid for decays through the left handed current
(T = v.(1—75)), as well as for rare decays (I' = ¢,,(1 £ ¥5)). These form factors
are also independent of the mass of the heavy quark, and are therefore universal
functions. Thus, they are valid for D — K decays, as well as for B — K decays.
This independence of the quark mass allows us to deduce, in a relatively straight-
forward manner, the scaling behavior of the usual form factors that describe these
transitions [14]. We illustrate this by examining one matrix element in detail.

Consider -

(K(p) I57ucl D(po)) = f+(po+p)u + f-(Po — P)u
= \/rTD<K(p) |§‘r,,h,(f) ’D(v)> = /mpTr {(51 + PE2) 1574 ! -; ’575} .
= 2y/mp (11 — &apy) - (21)




From these equations, one finds that

o =Y52 (e + 1),
1

&= —f4). (22)
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Since the §; do not scale with the mass of the heavy quark (or meson), it is trivial
to deduce that

Fot fommp! o — fommy? (23)

For the other transitions of interest, the form factors are as defined in the
previous section, and the relationships between these and the & are

El = ?D )l

1
&= '2——'—%(1'— = f+) = —v/mbs,

3/2
53: (a+ +a—):
§4=——V(29—a++a ) = my *h,

1

£ = N (f +2mpv-pg) = — 2D (9+ +9-).

& = VD0 = g7 (0= 04). (24)

These expressions yield the additional scaling behavior

—3/2 —1/2
a++a_sz/, a.,.—a_NmD/ y
o 12 /2
f~mD,g~mD ,
1/2 —a/f2
ssz/, thD/,
1/2

2
9++9’-sz/ v g4 — - =mp .

Eqgns. (19) and (20), and consequently eqns. (21-24), contain all of the leading
order mp dependence in the form factors, and are valid irrespective of the mass of
the strange quark. If the strange quark could be treated as heavy, then we could
think of the £; as arising from an infinite sum of terms in the 1/m, e)fp'ansion.

The leading order forms (in 1/m,) are also contained in these expressions. These
expressions are also valid in the limit of a very light strange quark.

Isgur and Wise [14] have used the scaling of f1 +f_ (= m;:/z) to say that this
combination of form factors vanishes (at leading order in 1/mp), and suggest that
one can write f_ = —f, +O(1/mp). Implicit in this argument is the assumption
that the strange quark is very light. In our formalism, this amQuUNts to setting
to zero, and we would automatically lose the full scope of our predlctmns This
is because we could then never recover the limit of a heavy strange quark, for in
this limit, & = —,/mx /2, where £ is the usual Isgur-Wise function.

The strange quark is such that it may be treated as either heavy or light.
We believe that neither the full heavy s limit (§; = —/Mk£/2), nor the limit
of a very light s quark (§; — 0) is completely satisfactory. We assume neither
limit in our analysis, and therefore make full use of the predictions of the heavy
quark effective theory, which are valid independent of the mass of the strange
quark. This means that we retain the form factor £ in our discussion and treat
it as a completely independent form factor, tying it to neither of the two limits
discussed.

At the risk of boring the overly patient reader to tears, and perhaps even to
death, we list one more set of relationships among form factors, this time writing
the usual form factors in terms of the £;. The relations are

f+= (& —mpéa),

1
N
f-= “\/';:D(&-anfz),

f=2y/mp (& + v - pg),

3
a4 = ——375 63 + mp (§6 ~ &)],
mp

4. = - ;13/2 [€3 — mp (€6 — &),
D
|

g ey
Vp

For the corresponding transitions with a b quark (and a B meson)} in the initial
state, all factors of mp above must be replaced by mp. Using this, rearrangement
of eqns. {23} yields

e \ 12
: (;ﬁ-) [ff(v ») (1 + :’;—‘;) L p) (2—’; - 1)] ,

&s. (25)

fw p)=



B(o-p) =

m
(2)" e 1+ 22) 0 (32

aB(v-p) = (@)IIQ[aE(v-p)(H%)+a2<v-p)(fﬁ—1)], (26)

mg

where ff is the form factor appropriate to the I» — K transition, while ff
is the form factor appropriate to the B — K transition, and quantities on the
left-hand-sides of eqns. (26) are evaluated at the same values of v - p as those on
the right-hand-sides. Omitted from each of eqn. (26) is a QCD scaling factor,
discussed below.

Eqns. (26) illustrate two effects, namely the scaling of form factors in going
from the D system to the B system, as well as the mixing of a, with a_, and f,
with f_. The effect of this mixing is very important in going from D transitions
to B transitions, as it introduces form factors that have not yet been measured
experimentally, or to which experiments are not yet sensitive, namely f_ and a_.
In the rates for the semileptonic decays 12 — K(*)¢v, terms dependent on f_ and
a_ are proportional to the mass of the lepton, and thus play a miniscule role,
except near g2 = m]. Such terms may also be significant if the polarization of
the charged lepton is measured.

We close this section with a briel discussion of radiative corrections to the
currents and matrix elements that we have discussed. In the limit of a heavy &
quark, the full current of QCD is replaced by [31)

L

50 — sTAY [‘L—(g—;—)] o @7

This arises from integrating out the b quark, and matching the resulting effective
theory onto full QCD at the scale m;, at one loop level. At the scale m,, we
must also integrate out the ¢ quark, but there is also the effect due to running
between m; and m.. The net effect of this is that the form factors &; appropriate
to the b — s transitions are related to those for the ¢ — s transitions by

11

4

b—s _ E-;—-s [as(mb)]_ﬁ ) (28)

! ! a,(m)

The forms of the matrix elements that we discuss above are valid in the limit of
infinitely heavy b and ¢ quarks. For quarks of finite mass, there are clearly going to
be corrections to the relations we have obtained. In other words, new form factors
that appear first at order 1/m. and 1/m, will begin to make contributions. It
is expected that such contributions will become more significant away from the
‘non-recoll’ point, or for v - p > mgw;. This is particularly important for the
B — K™) decays, as v-p can become very large. Nevertheless, we will apply the
relations we have found through all of the available phase space. It is our hope
that by doing this, we will at least be able to indicate the suitability of HQET
for these transitions. However, since we fit the form factors rather than attempt
to calculate them in some model, some of these higher order effects may, in fact,
have been included.

IV. RESULTS AND DISCUSSION
A. Data

All of the results we describe are for decays with K° (or K%) in the final
state. The treatment of charged kaons would be identical, and we believe that
our results in these channels would be similar in quality to those we obtain for
neutral kaons. Before describing the results of our fits, we must comment on
how we treat the available data, particularly in the case of the semileptonic
decays. Very few of the experimental collaborations have extracted acceptance-
corrected distributions [25,32]. Instead, the form factors are all assumed to be of
the monopole form [26], and the parameters are then extracted from the Monte
Carlo simulations, with acceptances and efficiencies folded in.

Because of this, we proceed in the inverse sense to generate some ‘simulated
data’. We use the published monopole parameters for the form factors to generate
dl’/dq? spectra for the semileptonic decays, using the published uncertainties in
the monopole parameters to generate uncertainties in the simulated data. In
general, these errors are correlated, but we ignore this correlation.

The simulated data generated in this way are completely smooth. We intro-
duce an ‘anti-smoothing’ by smearing the simulated data with a pseudo-randomly
generated gaussian distribution of mean zero and standard deviation determined
by the errors in the unsmeared simulated data. It is this smeared simulated data
that we use for fitting. For the decays Dt — K ¢+u, we also include the ratios

12



IFr/F and I'y/T'_ in the fit, where 'y are as defined in PDG [26]. In addition,
we must point out that the measured decay rates for D¥ — K%*)¢ty are some-
what smaller than those for D — K~(")¢ty while the published form factor
parametrizations are for the average over charge states. To account for this,
we rescale the values of the f;(0) to correspond to the smaller rates for neutral
kaons. It is these rescaled values that are cited in section II A, and that we use
to generate the simulated data.

For the nonleptonic decays, we fit to the PDG averaged decay widths for
B® — K% and B® — K® 4. In the case of the latter, we also include the ratio
['L/T. For this ratio, we take the averaged value of 0.78 + 0.073 as calculated by
Gourdin et al. [15,16]. Masses and lifetimes of mesons are all taken from PDG
[26], and we use Vi = 0.9988, Vi, = 0.03, V., = 0.9738, V., = 0.041, my = 4.9
GeV, m.=1.5 GeV, m;=177 GeV.

It is worth mentioning that the experimental choice of monopole form factors
may be inappropriate, particularly for f. In the limit of a heavy strange quark,
one finds that f oc (14+v-v")&(v - v'), where £ is the Isgur-Wise function. If £
is assumed to be monopolar in g2, then simple pole dependence for f is inappro-
priate. Even in the case of a light strange quark, we find that f o & + v - pés,
again indicating that the dependence on the kinematic variable is not simply a
monopole form. However, for the range of ¢% accessible in D — K™ decays, the
decay rate is not sensitive to the kinematic dependence. The effect on the decay
rate for the nonleptonic and rare decays being considered here, however, are quite
significant.

In our fitting, we have separated the decays containing a K meson in the final
state from those containing a A* meson in the final state. Thus, for instance,
we do not include data on ratios of rates like I'(D - K*&v)/T(D — Kév). Our
reason is that such ratios introduce correlations between the parameters of the
form factors for the two sets of decays.

B. Heavy-s Limit

One approximation used recently in the literature has been to treat the strange
quark as heavy [33,34], so that the decays of interest can be treated in the heavy-
to-heavy limit. In this limit, the form factors of eqn. {20) may be written

TR

§r=6&= —,2—5,
1 ]
—EQIEGZQW&'! '
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E3=£,=0, (29)

where £ is the Isgur-Wise function for heavy-to heavy transitions, and in this
limit, g = mg-. In particular, this limit means that £5 = mg&s.

We have used this form in fitting the data, and have obtained reasonable fits
to the differential decay rates in the semileptonic decays, as well as to the total
decay rates in the nonleptonic decays. Polarization ratios, however, are poorly
reproduced. In the case of the nonleptonic decay B — K™, the ratio 'y /T
depends only on kinematics, and has a value of 0.43, independent of the form
chosen for . The experimental value is 0.78+0.07. In addition, the ratio 'y /T _
in D — K™fr always has a value of about 0.4, significantly different from the
experimental value of 0.16+0.04, and largely independent of the form chosen for
€. This indicates that the value of 0.43 obtained for the ratio 't /T in B — K*¢
1s not necessarily due to the breakdown of factorization in the heavy s limit, as
this limit does not even provide an adequate description of all measurements in
the semileptonic decays.

Relaxing the strict heavy-s limit, but constraining the form factors to be near
this limit, does not help much, as the polarization observables are still not well
reproduced. The eonclusion that we draw {from this is that the heavy-s limit may
give an acceptable description of unpolarized data, but may be dangerous when
applied to polarization observables.

C. General Features Of Results

All of the results we present are obtained by performing four kinds of fits,
namely (1) include the semileptonic decays D — K)év only; (1) include the
semileptonic decays as well as the nonleptonic decays B — K®J)y; (3) include
the semileptonic decays, the nonleptonic decays B — K{*)3, and the nonleptonic
decays B — K(*)y’; (4) include the measured decay rate for B — K7 in the fit,
as well as the three other decays. Clearly, in the case of the decays to K mesons,
we need perform only three kinds of fits. In cases where a measured quantity is
not included in the fit, we calculate that quantity using the fit parameters.

We have explored two sets of parametrizations of the form factors. In the
first scenario, which we refer to as the exponential scenario, each & has one of
the forms

b;
€ = a;exp[—bi (v-p— my))] = a;exp [‘"‘2——* (ghax — 92)]: (30)
mp
b,‘ 2
& = a;exp [—b,— (v-p— m,:;(-m)2] = a; exp [-legn (ghax — %) } {31)

14



& = a;exp [—b,- (v -p)2] , (32)

while in the second scenario, which we call the multipolar scenario, the forms
chosen are

& =ai(l+bv-py™, (33)

with n; = -2, =1, 0. 1. In the exponential scenario, eqn. (30) most closely
corresponds to the forms that arise in some guark models, most notably that of
Isgur and collaborators [35]. However, in such models, the exponential of egn.
(30} is usually multiplied by a polynomial in v - p, or equivalently, in g°. In the
multipolar scenario, n; = —2 corresponds to a dipole form factor, while n; = —1
represents a monopole. In any one fit, we do not choose all the form factors to
have the same form. This means that, for instance, in the case of the decays to
K mesons, for which there are two form factors, the second scenario corresponds
to sixteen different possible combinations of forms for £; and &£,.

In each case, the a; and b; are the free parameters to be varied in the fit.
There are therefore twelve free parameters in each fit, to be compared with five
extracted and three assumed parameters in the measured semileptonic decays.
Since we have more free parameters than are extracted from the experimental
data, one might expect that it should be very easy to account for all of the data.
In fact, the number of free parameters poses some problems, as it means that the
problem is not very well constrained. One consequence of this is that there appear
to be several local minima for any particular choice of form factors. Nevertheless,
there are some combinations of form factors that simply do not provide adequate
descriptions of the data, despite the large number of free parameters.

When only the semileptonic decays are included in the fit, we find that almost
any combination of forms for the form factors leads to reasonable results. The few
combinations that do not provide good descriptions fail only in their description
of the polarization observables.

When we use the exponential forms, we find that we are not able to obtain an
adequate description of all of the data simultanecusly. In particular, when we in-
clude the nonleptonic decays in the fit, the prediction for the rare decay B — K™~y
is significantly differemt from the measured rate. In some cases, however, we find
that if we fit the semileptonic decays alone, omitting all of the nonleptonic decays,
the prediction for the rare decays is of the right order of magnitude. One possible
conclusion here is that factorization is not applicable to these nonleptonic decays,
or that there are significant non-factorizable contributions to the amplitude.

In contrast with the exponentials of the first scenario, many combinations
of the ‘multipolar’ forms of the second scenario lead to good descriptions of all
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the data simultaneously. One outstanding feature of all of our results in this
scenario {which also exists in the exponential scenario, but to a lesser extent)
can be easily understood by examining eqn. (25}, where it is seen that &g is
present in all of the form factors that describe the semileptonic decays D — K=,
It is therefore not at all surprising that our results are most sensitive to this
form factor. Invariably, we have found that the best fits occur for £ linear in
v-p (t.e., ng = 1), independent of the forms chosen for the other form factors.
Furthermore, the slope parameter bg is almost always negative, with values lying
between -0.4 and -0.65 GeV~!. The only positive values for b occur when only
the semileptonic decays are included.

The fact that £ is so well constrained in our fits means that f and g are
also quite well constrained. Since these are the only two form factors that are
needed for the decay B — K™+, it is no surprise that we find little variation in
the predictions for this decay rate as we vary the parametrizations of £3, £4 and
&5, provided that the choice of parametrization of £s is unchanged.

For other forms of £, we find that at most two of the semileptonic, nonlep-
tonic or rare decays are well accomodated. For instance, if we choose a monopole
form for &, then in addition to the semileptonic decays, we find that we can acco-
modate either the nonleptonic decays, the rare decay, but not both. In addition,
if we choose all form factors to be monopolar, we fail to find adequate descrip-
tions of the polarization observables, particularly for the ratio I'y /T’ measured in
the nonleptonic decay.

Our results for the form factors are comparable with those of other authors.
Gourdin et al. [15] have found that a number of scenarios, including monopolar
form factors, are unable to describe the nonleptonic measurements. Aleksan ef al.
{17] have found that softening the scaling relations allows an adequate description,
while in a second article, Gourdin et al. [16] have found that allowing the form
factor f to decrease linearly with ¢? allows an adequate description of the data.
We find that f is quadratic in ¢2, but the absolute value at ¢? = 0 for the B — K"
transitions is larger than the absolute value at ¢ = ¢2_., in keeping with the
results of [16], and quite different from pole models.

D. Parameters And Form Factors

For each scenario, we have selected a set of fits that we consider to be represen-
tative. The parameters for these fits are displayed in table I for the exponential
forms, and in table II for the multipolar forms. In the first scenario, the results
we have selected correspond to £ and &3 as in eqn. (30), £; and &4 as in eqn.
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TABLE I. Values of the parameters that result from four different fits, for the expo-
nential scenario. In this table, Fit 1 means that only I — K(*)¢y is included in the fit;
Fit 2 means D — K¢y and B — K“)J/y’) are included; Fit 3 means I — A(*¢w,

TABLE II. Values of the parameters that result from four different fits, for the mul-
tipolar scenario. The columns are as in table I.

(") ) . - o~ e [Parameter]] Fit 1 ] Fit 2 ] Fit 3 Fit 4|
B — K'"J/¢ and B — K'"'¢’ are included; Fit 4 means [} — K*év, B — K*J/¢, a1 5308 TRETD 5158 =
B — K'Y and B — K"y are all included, and applies only to decays with K™’s in the as 7929 5.875 5051 -
final state. a3 100 0162 0.144 0.145
. as C100 3.154 7565 74365
[Parameter|] Fit 1] Fie2 | Fie 3 ] Fit4 i as 1.35% 7238 G346 § 6451
a3 7.497 0.671 0.667 - ag 0.055 1094 1.085 0922
ap 1503 ~0.265 ~0.966 . b, . 5 . .
as 10.0 8835 1.745 1.742 b2 7250 100 10.0 .
ay 4521 5.137 1959 1257 By 0,507 100 10.0 10.0
ar, 5996 9.098 5.990 9726 by 1134 0368 0,388 0354
ag 1.044 1037 1.080 1.074 Is 1012 ~1.042 -1.030 -0.907
B 3353 1.979 1984 . b6 10.0 0439 -0.435 -6.352
bo 4.710 80x10™ 3.1x10°% -
by 3.511 0 238 7.6x1077 3.0 x10~°
by 10.0 1.447 1.076 1.076
:: g:g;‘; 3:;22 gfggg gjggf values do not change much as we go from Fit 2 to Fit 3 to Fit 4, particularly for

(31), and &5 and & as in eqn. ( 32). In the second scenario, the n; have the
values n; = (0,-1,1,-2,1,1).

To give some sort of meaning to these parameters, we display in tables 11I and
IV, the values of the form factors at g2 = 0, as well as their logarithmic derivatives
at the same point. In these tables, the theoretical error that we quote, as well
as those that we quote for the rest of our results, are estimates only, and are
obtained by using the covariance matrix that results from the fit.

For the monopole form chosen by experimentalists, the logarithmic derivative
is

1 die?)] 1

fi(g?) dg* |, m¥

where m; is the polar mass. In this way, we can compare our form factors at
¢* = 0, and the corresponding slope parameters, with the experimental values.
It is gratifying to find that for f, ¢ and f,, the values we have obtained are,
for the most part, quite consistent with the experimental values, for both the
exponential and multipolar scenarios. In addition, the logarithmic derivative of
a; shows some variation as we go from fit to fit, and there are sizable variations
in the values for f_, a_ and their logarithmic derivatives. These variations
are not surprising, as there are no experimental constraints on these quantities.
Although the values we obtain for these quantities may lie outside the actcepted
domain suggested by models, it is nevertheless quite satisfying to note: that the

(34)

17

the multipolar scenario. It is also interesting that the prefered slope parameter
for a4 1s negative.

The form factors for the D — K(*) transitions that result from these fits
are shown in fig. 1 for the exponential forms, and in fig. 2 for the multipolar
forms. In each of these figures, we indicate with arrows the maximum ¢ possible
in the corresponding I — K(*) decay. The corresponding form factors for the
B — K() transitions are shown in figs. 3 and 4 respectively. In these latter
figures, the vertical dashed lines indicate the range of ¢ that correspond to the
D — K'*) decays: the values of v - p within the dashed lines of figs 3 and 4 are
the same as those that lie to the left of the arrows in figs. 1 and 2.

The effect of the mixing mentioned near the end of the previous section is seen
in the curves for ff and af. In the case of f, all of the curves for the D form
factors are very close to each other, and are all quite similar to the monopole
form over the entire range of physically accessible ¢2. Application of eqn. (26),
or more trathfully, of eqn. (20), leads to curves for ff seen in figs. 3 and 4.
We point out that the scaling effect due to the coefficient of the f¥ term is only
about 15%, so that the very different forms for ff seen in the figures must be
attributed to the mixing with f2.

In examining the curves of this figure, one must remember to compare the
form factors near the kinematic end points. This means that f£ near ¢° =
fmaxp = (mp — mi)? = 1.95 GeV? should be compared with ff near ¢* =
(mp = myg)? = 24.8 GeV?2, It is very interesting to note that the form factors for
the B — K{*) transitions that result from fitting to the semileptonic decays alone
are usually very different from those that result when the nonleptonic decays are
mcluded in the fit.

18



TABLE II1. Values of the form factors and their logarithmic derivatives at

for the exponential scenario. The columns are as in table 1.

{Quantity Experiment [[ Fit1l Fit 2 ] Fit 3 | Fit 4 |
72 (0) B.66£003 0.59£0.04 0.66%0.03 0.6620 03 -
Lfg; 0.23 4 0.09 080:0.18 0.24£0.07 0.2440.07 -

j’_ (0) - 0.9710.48 -0.06£0.12 -0.07£0.12 -
;_Eg) - 0.9840.17 -2.50£4.61 -2.3243.96 .
7(0) 1554011 1532010 T.55£0.07 T57E0 11 T5720.08
f;: 0.16 0 15+0.12 0.1240.05 0.14+0.03 0.1440.05
#0) 0.40%0 07 035£0.03 0365002 037X0.03 T37EN 02

_J!ﬂ%l 0.23 0.36:0.12 0.3540.05 0.36:0.02 0.36+0.05
24 (0) 0.1450.03 0.2350.05 ~0.2040.05 0154005 0194004
:—I—% 0.16 -3.17+0.66 .1.72£0.76 0.03+0.11 0.03£0.44
a_(0) - 350038 “§33E1 08 “T18%0.05 Ti5t028
::(z] - 1.2540.15 0.1240.08 -0.0540.01 -0.05+0.11

TABLE IV. Values of the form factors and their logarithmic derivatives at ¢°> = 0,
for the multipolar scenario. The columns are as in table 1.

[Quantity ] Experiment J] Fit'l T Fit 2 ISET | Fit 4 ]
7570) 0.6640.03 0.64£0.05 0.63£0.02 0.5940.04 .
j—ﬁg—; 0.23+0.09 0.79+0.17 0.2940.07 0.2940.08 .
7-(0) - 556L188 0.84%0.34 0B6E0.34 -
;:(gj - 0.0340.03 0.21£0.04 0.2140.04 .
1HO) 1555017 T55£0.14 15550.08 1535018 154%0.07
"ﬂf} 0.16 0.04£0.12 0.1440.06 0.17+0.20 0.1540.05
3(0) 0.4040.07 0.5120.05 040£0.03 3.40£0.05 537E003
*:;’) 0.23 0.2240.01 0.24+0.03 0.2340.05 0.1940.02
a4 (0] 0AE0 @ 633 E0.05 021%0.04 0 20%0.08 T 20£0.03
:—I% 0.16 -1.14+0.33 -1.1140.30 0.93£0.71 -0.98£0.27
2~ (0) - 354L033 T37E0.5 121061 N RIE )
::(2) ; 0.2240.02 -0 0840 01 -0.0940.11 -0.0940 01
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0 3o

FIG. 1. Form factors for the D — K{*) transitions that result from fits, using expo-
rential forms. The thick solid curve is the experimentally extracted form factor, while
the thick dashed curves show the range that results from the experimental uncertain-
ties in the parametrizations of the form factors. In each graph, Fit 1 means that only
D — K¢y is included in the fit; Fit 2 means D — K"y and B — K(*)J/y are
incladed; Fit 3 means D — Ky, B — K(*)J/s and B — K(*'3' are included; Fit
4 means D — K"fv, B — K*J/y, B — K*¢' and B — K™ are all included, and ap-
plies only to ay, f and g. On the scale shown, the curves for Fit 4 are indistinguishable
from those of Fit 3. The arrows indicate the maximum g¢* accessible in the semileptonic
decays D — K(*)¢p.
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FIG. 2. Form factors for the D — K**) transitions that result from fits, using ‘mul-
tipolar’ forms. The key is as in fig. 1.
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TABLE V. Results of fits for semileptonic decays, exponential forms. The columns
are as in table I.
[Quantity [ Experiment] Fit 1 | I Fird | Fit4 ||
Ip—ie (1077 GeV) | 416+ 050] 426+0.28] 391+024] 3.5914024 -
Cp—pes (1077 GeV)|| 2983025 288+0.12] 287+0.14] 276x012] 2772012
(D — K*tv) 123+ 0.13| 1194012 1.23+£0.13| 106+ 008] 106+0.10

rk
rt

(D — K*tv) " 016+ 004 0204002 01B+002 o1mtoos| 019002

By examining the graphs of figs. 1 and 2, as well as the numbers of tables
Il and IV, it is clear that the form factors that we have obtained are quite
consistent with the experimentally extracted ones, in the range of physically ac-
cessible 2. Outside of this range, however, all of the form factors we obtain are
markedly different from the experimental forms. This clearly has very important
consequences for the nonleptonic and rare decays.

E. Results And Discussion

As can be seen from the numbers in tables V and VI, all fits to the semilep-
tonic decays are reasonable. The quality of the fit with respect to the nonleptonic
decays, the results of which are displayed in tables VII and VIII, is quite differ-
ent, however. In the case of Fit 1, the nonleptonic decays are generally poorly
described, while in the case of Fits 2, 3 and 4, the theory does a reasonable job of
describing all of the data. The differences between Fits 1 and 2 are shown most
graphically in the form factors of figs. 3 and 4. These differences have very sig-
nificant effects on the decay rates for the rare decays. In general, the differences
in the form factors among Fits 2, 3 and 4 are much less striking. We also point
out that the striking differences in form factors are achieved, for the most part,
with very small adjustments to the intercepts and slope parameters, as seen in
tables III and IV.

One comment on the ratio py = I'f /T in B — K™y is worth making. For
many fits, we obtain values for this ratio that are essentially unity. Gourdin et al.
[15,16] state that, assuming factorization of the transition ampliiude, this ratio
has a maximum value of 0.833. They go on to point out that observation of a value
of pr greater than this value would be indication of significant non-factorizable
contribution to the transition amplitude. In their notation,

_ (a —bx)?
T (e —bx)?2 4+ 2(1 4 c2y?)’

PL (35)
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FIG. 3. Form factors for the B — K'*’ transitions that result from fits, using expo-
nential forms. In each graph, Fit 1 means that only D — K(*"fv is included in the fit;
Fit 2 means D — K¢y and B — K"V J/4 are included; Fit 3 means D — K(*¢v,
B — K™ Jf¢ and B ~ K¢’ arc included; Fit 4 means D — K*fv, B — K*J/¥,
B — K*¢" and B — K" are all included, and applies only to ey, f and g. The region
between the vertical dashed lines is the range of ¢° for which information is available
from the D} — K{*){v semileptonic decays.
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FIG. 4. Form factors for the B — K(*) transitions that result from fits, using multi-
polar forms. The key is as in fig. 3

TABLE VI. Results of fits for semileptonic decays, multipolar forms. The columns
are as in table [.

[Quantity | Experiment] Fitl ] Fit 2 ] rit3d | Fit 4 1|
Tk (10717 GeV) 4162 050] 3961028 3941023 39540325 -

Tp_sevr, (10718 GeW)]| 298+025] 288+012] 287+014] 2851+013] 288+0.10
H:(D-- K*tv) 1234013 121%0130] 1224009 1.204013] 1.23+0.09

;.i (D — K*tv) 0.16+0.04] 0164003 0164003 017+004f 020003
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TABLE VII. Results of fits for nonleptonic decays, exponential forms. The columns

are as in table I.

TABLE IX. Predictions for decay rates of rare processes, exponential scenario. The
columns are as in table L

{Quantity [[ Experiment | Fit 1 [ Fud [ Fied [ Fed | [Quantity [ Experiment ] Fit 1] Fit 27 ] Fit3 Ficd ]|

To—ny (1077° GeV) [ 3.20+095] 127+150x10"7 [ 3.29% 0.95] 3.33 £ 0.95 . To_sey (30777 GeVy 1.76 £ 0.83] 001+0.03] 0.02+002] 001+0.01] 0.01+001

Tp_pry (10°°° Gev) || 6,931 1.33 1.61£1.13 7.06+ 148} 6.75+ 1.11 6.77+ 1.30 Lo rute— 10715 Gev) < 158.0 030+ 072 0.08+0.02] 0084002 -

T (B — K*v) 0.78 % 0.073 0.13 £ 0.21 0.77+ 0.08| 0.78 £ 0.05{ 0.78 £ 0.07 T kcmgta— (107 GEV) - 0.12x005] 013+0.03[ 013t002] 013+002

Tp_ gy (1071F Gev) <35 [157+1079x10 1072025108025 - T iceyt,— (1077° GeV) - 013+ 002 163+121| 1.15+0.20] 1.15% 1.60

1;;_(‘(.&, (10-‘1)6 GeV)[[ 6141395 22504 9.10 5.75+ 2.64] 9.46 £ 0.53( 9.46 1.18 T, peut,- (10-1° GeV) < 101 025006 165%121] 127£010] 127 160
B — K"y - 0.074 0.04 0.96% 0.02| 0.76 £ 0.03( 0.76 £ 0.05

TABLE VIIi. Results of fits for nonleptonic decays, multipolar forms. The columns

are as in table I.

TABLE X. Predictions for decay rates of rare processes, multipolar scenario. The
columns are as in table I.

[Quantity ]| Expertment | Fit 1 Fit 2 Fit 3 | Fit 4
[Quantity ]| _Experiment | Fit 1 Fii2 | Fid [ Fua | Tp_snq (1071 GeV) 176+ 0.83] 77.90£1780] 6i7+3.31] 634435 221+0.72
Ta_xy (1071% GeV) 3.204095] 7702+59.28] 379.+051] 382+ 0.65 - Dp_pptu— (10777 GeV) < 158.0 633+ 565 | 0.27+005] 0.28+005 -
Cg_xey (1071% GeV) 693+1.33]| 280.0+520| 696+1.30] 6.86+1.34] 7691 1.11 Fg_-x-‘.h.— (167 Gev) - 5.05+1.04 | 0.332013] 034£015| 0.2240.03
lI“(B — K*y) 0.78 + 0.073 088+ 0.03 078k 007] 078+ 0.07| 0.71%0.05 1'\1;3 om ot am (10718 Gev) R 7274145 | 1.82+1.45} 1424+125] 145+ 054
—16 = O
Ppxyr (107 ° GeV) <35 2676£1710) 1734033} 1753038 - Tpjorntae (10 ° GeV)]| <101 77731144 | 215+ 149 1.76% 1.26] 1.67%0 55
Tp_geyr (107°° GeV)]| 6.14%395] 2600%450| 9.11%097 833%281| 849+ 0.80
Y (B — k*v) . 0.69+0.07 | 071+0.05 0.70%008] 069+004
Given the failure of the exponential scenario to explain the B — K"y data,
ith @ b and ¢ being d ed by ki i d one might be tempted to discard its predictions for the dileptonic decays. How-
with a, b and ¢ being determined by kinematics, an ever, we see that the integrated rates are, for the most part, quite similar to
Ao(m2) V(m?) those predicted in the multipolar scenario. The spectra that result from the
T= W—";—), = ﬁ‘;) (36) two scenarios are very different, however, and the predictions for the relative
imy im,,

The form factors A;, Az and V are those defined by Bauer et al. [36]. The error
in their claim arises from ignoring the possibility that x may be large, so that
pr =~ 1. In our notation, 2z &= (mg — my.)%a,/f. Thus, we would claim that
measurement of p; greater than 0.833 is not an indication that factorization is
breaking down. Indeed, we have assumed factorization, but in fit 1 of table VI,
we find a value of pr = 0.88 > 0.83. :

In tables IX and X we display our predictions for the rare decays B — K™+,
B — K¢t¢~ and B — K*£V{", obtained using the form factors from the four
different fits. The lepton spectra are shown in figs. 5 and 6. As expected, the
form factors from Fit 1, especially in the exponential scenario, lead to rates that
are ruled out by experimental observations, particularly in the case of the decay
B — K"+v. In the multipolar scenario, the predictions from Fits 2 and 3 are
somewhat larger than the CLEO [24] measurement of B — K "7, while the result
from Fit 4 is consistent with the measured value. :
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amount of longitudinally polarized and transversely polarized K™ produced are
also somewhat different. The exponential forms predict Ty /T; & 0.1, while in
the muitipolar scenario, the ratio ranges between 0.15 and 0.24. The moral here
may be that the exponential forms may be adequate for predicting total rates,
but not decay spectra, nor polarization observables. We limit our discussion to
the multipolar scenario in what follows.

The predictions for the process B — K£+{~ are two to three orders of magni-
tude smalier than present experimental upper limits, while those for B — K¢t ¢~
are smaller than the experimental limits by factors of four to six. We point out,
however, that the calculated rates for these last two processes do not inelude
possible contributions from charmonium resonances, which will certainly alter
the shape of the lepton spectrum, and should also increase the total decay rate.
An investigation of this effect will be left for a future article. However, in at
least one experimental analysis, kinematic cuts are imposed on the total mass of
the lepton pair, so that events that may arise from either of the first two vector
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FIG. 5. Differential decay rates for the processes B — Kp*p™ and B — K*utp—,
in the exponential scenario. The graphs are, starting at the top left and moving clock-

wise: B — Kutp~; P K*utp~; B — K*p*p~ for longitudinally polarized K*’s;
B K*ptp~ for transversely polarized A *’s. In each graph, the key is as in fig. 3.
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FIG. 6. Differential decay rates for the processes B — Kptp~ and B — K*ptp—,
in the multipolar scenario. The graphs are, starting at the top left and moving clock-

wise: B — Kptp~=; B — K*u*p~; B — K*p*p~ for longitudinally polarized K*s;
B — K*u*u~ for transversely polarized K*’s. In each graph, the key is as in fig. 3.
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charmonium resonances are excluded [24]. In any case, our results suggest that
the exclusive dileptonic decay to the K" should be observed in the near future.

The results that we have obtained here again illustrate that the fit to the
present D — K(*) semileptonic spectra alone is inadequate for providing infor-
mation on B — K~ processes. Even when we include the nonleptonic decays, the
predictions for different decay modes (particularly B — K*¢t¢~ with longitudi-
nally polarized K™’s) are sensitive to the nonleptonic modes we include in the fit.
If any of these predictions are to be taken seriously, we would suggest that most
attention be paid to the predictions of Fit 4 in the multipolar scenario, as this is
the only scenario that adequately describes all of the data available.

One of the features of the predicted spectra are the minima in the differential
decay rates. These minima are the result of zeroes in the respective helicity
amplitudes, and the question of whether or not these zeroes do indeed exist, and
of their exact locations, will have to await a B-factory. However, long-distance
effects, such as those that arise from charmonium resonances, or even from the
charmonium continuum, wili at least alter the positions of the zeroes, and may
wash out the effect altogether.

V. CONCLUSION

We have used the scaling predictions of HQET, together with the most re-
cent data on D — K*)¢v semileptonic decays, to extract the form factors that
describe the 2 — K'*) and B — K{*) processes. The latter we have applied to
other processes, namely the nonleptonic decays B — K(*)¢ and B — Ky’
as well as the rare decays B — K~y and B — K®)¢t¢~. In the case of the
nonleptonic decays, we have assumed factorization of the transition amplitude is
valid. We have also performed simultaneous fits of the semileptonic, nonleptonic
and rare processes, and have found that HQET, together with factorization, pro-
vide an adequate framework for describing the observations. Qur predictions for
the modes B — K(*)¢t¢~ suggest that these should be measurable in the next
generation of experiments, and certainly at the proposed B factory.

Perhaps the greatest shortcoming of our fit procedure lies in how we handle
the data, or simulated data, for the semileptonic decays. Ideally, we should
have attempted to fit our choices of form factors to the experimentally measured
differential decay rates. As a second choice, our choices of form factors should
have been input into the experimental Monte-Carlo programs to obtain the fit
parameters. In any case, it is clear that the present data, particularly in the
D — K"fv mode, are inadequate to sufficiently constrain the form factors. In
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addition, the differences in form factors between Fit 1 and Fits 2, 3 and 4 are
quite striking.

The scenario that best describes all of the experimental data is the multipolar
one, and in this scenario, we find that the universal form factor & is linear in
v - p. Using this scenario, we predict Br(B® — K%utpu~) = (6.44+1.0) x 10~7
and Br(B® — K*%tyu~) = (3.8 2 1.3) x 10~%. These numbers are consistent
with other model calculations [24]. We also predict I'p/I in*B® — K=0utpu-
to be 0.15+ 0.07.

To fully constrain the predictions of HQET, information on the form factors
a_ and f_ is needed from the semileptonic decays. Such information can only
be obtained from high-precision measurements of the decay spectra at low values
of ¢2, particularly for semileptonic decays to muons, as well as by measuring the
polarization of the charged lepton, again preferably the muon. In addition, the
precision and statistics in the ¢? spectrum must be improved so that the form
factor parameters can be extracted from the data, particularly for the decays
D — K*fv. Perhaps the ideal experiment would be the equivalent of present
CLEO experiments, in which the machine is tuned to be a source of BB pairs,
produced from the strong decays of the T(45). For D decays, the equivalent
would be to produce a copious number of ¥(3770)’s, which can be realized at the
proposed tau-charm factory.
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