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We have calculated the pseudoscalar decay constants using the relativized quark model. We find

fD =240+20 MeV, fo =290+20 MeV, fs =155+15 MeV, fe ——210+20 MeV, and fs ——410+40

MeV where the "errors" are our estimates of the reliability of the results. We used these values to
study the Cabibbo-Kobayashi-Maskawa matrix elements. In particular, we combined our theoreti-
cal estimate of fs with the ARGUS/CLEO result for 80-8 mixing to study the relation between

~ Vd ~
and the t-quark mass. Recent measurements of

~ V~, ~
and

~ Vt,„~ constrain m, )70 GeV.

I. INTRODUCTION

The discovery of Bd-8 d mixing by the ARGUS Colla-
boration' and its confirmation by CLEO (Ref. 2) has
opened up a window to search for the effects of new phys-
ics. For instance, measurement of B -8 mixing along
with measurements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements can put tight constraints on pos-
sible values of the t-quark mass. ' If the value of m, so
obtained convicts with limits from other measurements it
would signify contributions from new physics outside the
standard model. In addition, the information one ob-
tains from the 8 -8 system can be used to make predic-
tions for rare 8 decays such as 8~K'y (Refs. 6 and 7).
A big problem in using 8 -8 mixing to constrain new
physics is the uncertainty in the theoretical estimates of
the hadronic matrix elements involved in these processes.
The 8 -8 matrix element is usually parametrized in
such a way as to factor out f&8 where ftt is the pseudo-
scalar decay constant and 8 is the so-called 8 parameter.
In this paper we estimate the pseudoscalar decay con-
stants using the relativized quark model with the mock-
meson prescription and attempt to estimate the error in
our predictions.

Our motivation in performing this calculation is two-
fold. First, a reliable estimate off is important, as they
appear in many processes from which we can extract fun-
damental quantities in the standard model such as the
Cabibbo-Kobayashi-Maskawa matrix elements and the
mass of the t quark. Often the greatest theoretical uncer-
tainties in these calculations are due to the uncertainty of
the hadronic matrix elements. The quark model has been
very successful in explaining hadron properties so it is
only natural that we attempt to use it to make reliable es-
timates of f~. Our other reason for studying f is that
we wish to understand the limitations of our model in a
relatively simple system before applying it to a more am-
bitious program of calculating hadronic matrix elements

relevant to other weak processes such as semileptonic de-

cays.
We begin in Sec. II by defining the mock-meson ap-

proach to calculating hadronic matrix elements and give
the relatiuized quark-model expressions for f . We then
take the nonrelativistic limit of the expressions and exam-
ine its sensitivity to different prescriptions and different
meson wave functions which have appeared in the litera-
ture. We then repeat the exercise using the relativized
quark model expression to obtain what we regard as our
best estimate off along with estimates of the theoretical
uncertainties in our calculation. We end the section by
comparing our results to those obtained in other models.
In Sec. III we give several examples of physics that is
dependent on a reliable estimate of f~, extracting

~ V,d ~

from D+ ~p+v„, and studying the constraints on m, and

V« that can be obtained from 8 -8 mixing. We sum-

marize our results in the final section.

II. fp IN THE RELATIVIZED QUARK MODEL

We use the mock-meson approach to calculate the ha-
dronic matrix elements. It is a prescription for relating
quark-model matrix elements to the corresponding physi-
cal amplitudes.

A. The mock-meson approach

The basic assumption of the mock-meson approach is
that physical hadronic amplitudes can be identified with
the corresponding quark-model amplitudes in the weak-

binding limit of the valence-quark approximation. We
stress that this correspondence is exact but only in the
limit of zero binding and in the hadron rest frame. Away
from this limit the amplitudes are not in general Lorentz
invariant by terms of order p; /rn; In this appr. oach the
mock meson, which we denote by M, is defined as a state
of a free quark and antiquark with the wave function of
the physical meson M:
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~M(K)) =+2MM f d p C&M(p)y P ~q[(m /p)K+p, sjq[(m /p)K —p, s]),

where 4M(p), g... and P are momentum, spin, and

flavor wave functions, respectively, p=mq+m, MM isq7

the mock-meson mass, and K is the mock-meson momen-

tum. To calculate the hadronic amplitude, the physical
matrix element is expressed in terms of Lorentz covari-
ants with Lorentz-scalar coefficients A. In the simple
cases when the mock-meson matrix element has the same
form as the physical meson amplitude we simply take
A =A.

In the case of interest, the pseudoscalar decay con-
stants are usually expressed as

1/2
q q

q

x ' +E+m E+m

d3
fPK=2 3+MP f 4P(p))3/2

E +m
X

2E

(4)

&OIqy"(i —y5)qlM(K) &
= f &"

)3/2 P (2) Eq =Qp +m E =Qp——+m — pz =(mq/p)K+p

and
To calculate the left-hand side of Eq. (2) we first calculate

(O~qy"(l —y, )q~q [(m /p)K+p, sjq[(m Ip)K —p, s])
(3)

p =(m !p)K—p .

B. The nonrelativistic limit

using free quark and antiquark wave functions and
weighting the result with the meson's momentum-space
wave function.

There are a number of ambiguities in this approach
that we must deal with. The first regards the definition of
the meson mass MM appearing in Eq. (1). Several
different prescriptions exist in the literature. On the one
hand, to be consistent with the mock-meson prescription,
we should use the mock-meson mass, which is defined as

(Eq )+ (E ). However, because it is introduced to give
q

the correct relativistic normalization of the meson's wave
function, to give the correct kinematics of the process be-
ing studied, we feel it more appropriate to use the physi-
cal mass rather than the mock-meson mass. The second
ambiguity is the question of which component of the
four vector in -Eq. (2) we should use to obtain f . In prin-
ciple, it should not matter as both the left- and right-
hand sides of Eq. (2) are Lorentz four-vectors. This is
true in the weak-binding limit where binding effects are
totally neglected, but in practice, this is not the case. Al-
though the quark level expressions of Eq. (3) are the com-
ponents of a four-vector, the momentum-space wave
function 4M used in evaluating Eq. (2) is not relativisti-
cally covariant. This leads to an ambiguity in the inter-
pretation of f so derived. To understand the origin of
the ambiguity, consider the zero and spatial components
of Eq. (3) in the nonrelativistic limit, p~O, and take the
limit K~O. In this limit the zero component is propor-
tional to m +m while the spatial component is propor-

q

tional to K. This is what one would expect for the com-
ponents of a four-vector at the quark level which em-
phasizes the ambiguity in defining the mock-meson mass
MM. We choose to extract f using the spatial com-
ponents of Eq. (2) in the limit K~O but we will also
evaluate other possibilities to check the sensitivity of the
results to details of the specific prescription.

Using this prescription for f leads to

The goal of this paper is to give a reliable estimate of
the pseudoscalar decay constants and understand the un-
certainties in the calculation. One way of estimating the
reliability of our results is to test their sensitivity by vary-
ing different aspects of the model, keeping within the gen-
eral assumptions described in the previous section. In
this spirit we begin by taking the nonrelativistic limit us-
ing different wave functions which have appeared in the
literature.

Taking the nonrelativistic limit of Eq. (3) we obtain

2+3M g (0)

mq+m
q

where QP(0) is the wave function at the origin and

Mphys is the Physical mass of the meson. The result-
ing pseudoscalar decay constants using some of the non-
relativistic wave functions which have appeared in the
literature are given in Table I. To gauge the sensitivity of
our results to the specific prescription used, we also cal-
culated f using the zero component of Eq. (3) and the
mock-meson prescriptions of Refs. 9, 10, and 13. The re-
sults vary by the amounts given in the final row of the
table. The heavier mesons, D, D„8,B„and B„are not
very sensitive to the prescription used in calculating f .
This is because in the nonrelativistic limit the different
prescriptions reduce to different definitions of the mock-
meson mass and the expression for the mass appearing in
the denominator of Eq. (5). As m +m becomes heavier,

q
relativistic effects and binding energies become less im-
portant so M ~Mphy regardless of how M is defined. On
the other hand, for f„and f~, m +m difFers consider-

ably from M h, making them very sensitive to the
prescription used.

In contrast, the pseudoscalar decay constants are sensi-
tive to the wave functions. To gain some insight into
why this is so and guidance as to which models best de-
scribe nature, consider the nonrelativistic Schrodinger
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TABLE I. Pseudoscalar decay constants in the nonrelativistic limit using harmonic-oscillator
wave functions. The L =0 ground-state harmonic-oscillator wave function is 4{p)
=(~mP) exp( —p~/2P2) with P=[2m~m x/(mq+rn )]'~ . The meaning of the sensitivities are de-

scribed in the text .Because our results for f~ are not always equal to the central values of all prescrip-
tions surveyed, the sensitivities should not be used to obtain bounds on f~.

Parameter set fa

Set 1'
Set 2b

Set 3'
Set 4d

Sensitivity

60
100
206
144

+ & 100%

92
153
290
232

+) 100%

89
149
221
227

+15%%uo

96
160
252

~10%

58
96

136
162

67
111
167

+5%

84
141
226

+7%%uo

'Standard nonrelativistic quark-model parameters: z =0.0027 GeV3, m„=m =0.33 GeV, m, =0.55
GeV, m, = 1.628 GeV, and m& =4.977 GeV.
From Ref. 11 with a =0.0106 GeV', m„=mq, m„m„mb as above.

'From Ref. 9 with a =0.037 GeV', m„=md =0.22 GeV, m, =0.43 GeV, m„mb as above.
Effective oscillator parameters from Ref. 12. P =0.31 GeV, Pz =0.34 GeV, PD =0.39 GeV, Ps =0.41

GeV, m„=md =0.33 GeV, m, =0.55 GeV, m, =1.82 GeV, and mb =5.12 GeV.

equation with a potential of the form

V(r)=Ar" .

Simple scaling arguments show that the wave function at
the origin is described by'

Thus,

((M ~A,
~ ) Coulomb potential-I/r,

P(0)- (@~X~ )' linear potential-r,

(p~A, ~) harmonic oscillator-r

Using these relations we plot 1(r(0) as a function of the re-
duced mass p in Fig. 1 where we have adjusted the pa-
rameter A. such that for each case, Eq. (5) reproduces the

200.0

150.0-

experimental value of fz with rn„=md =0.33 GeV and

m, =0.55 GeV using the weak-binding limit where
M =m +m . We indicate the values of the reducedq'
mass for some of the mesons being considered in this pa-
per. One sees that although f(0) is relatively fiat for the
linear and commonly used harmonic-oscillator potentials,
it rises sharply for the Coulomb potential. Thus, for the
QCD-motivated Coulomb plus linear potential, mesons
with both a heavy quark and antiquark will fall into the
potential well and have a large wave function at the ori-
gin which can more than compensate for the Qm&+m

q
term in the denominator of Eq. (5). For example, for
m =m, as m becomes heavy, the potential becomes

Coulombic and f -ms. On the other hand, for one light
quark and one heavy quark the meson sits in the linear
region of the potential and as rn& ~~, f ~ +ms/rn&.

To tie these general scaling results to a specific poten-
tial we show in Fig. 2 the QCD-motivated Coulomb plus
linear potential of Ref. 13. We indicate the qq separa-
tions for mesons of interest. The mesons with the lightest
reduced masses lie in the linear region of the potential
but as the reduced mass becomes larger, the Coulomb
part of the potential becomes increasingly more impor-

100.0- 1.0-

50.0-
Po Pa
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0.200 0.300

PK.
0.400

p, (Gev)
Q.500 Q.600

—1.0-
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FIG. l. $(0) as a function of the reduced mass for the linear,
harmonic-oscillator, and Coulomb potentials. The solid line is
for the harmonic-oscillator potential, the dashed line for the
linear potential, and the dotted line for the Coulomb potential.
The reduced masses were obtained using m„=md =0.33 GeV,
m, =0.55 GeV, m, = 1.628 GeV, and mb =4.977 GeV.

-2.0 "

FIG. 2. QCD-motivated potential of the form —, a,(r)/r-
+br from Ref. 13. The rms separation of some mesons of in-

terest are shown.
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tant. We conclude that if predictions for the pseudosca-
lar decay constants are to be reliable and not just a naive
extrapolation of f„and f~, it is important that meson
wave functions reflect the correct dynamics via the
choice of qq potential.

C. The relativized quark model

We next calculate the pseudoscalar decay constants us-

ing the relativized formula of Eq. (4). One might ques-
tion the importance of including relativistic corrections.
However, we need only consider the importance of
another such relativistic correction: QCD hyperfine in-
teractions which give rise to the p-m, E'-E, . . . , B'-B
splittings. Although it is difBcult to gauge the impor-
tance of relativistic corrections to f, if nothing else their
inclusion acts as one more means of judging the reliabili-

ty of the results. The results of our calculation are given
in Table II for representative meson wave functions
which have appeared in the literature. In addition to the
nonrelativistic wave functions used in Table I, we also
give results using the wave functions from the relativized
quark model of Ref. 13. This model is very successful in
describing the properties of all mesons, in particular, for
our purposes, the B*-B, D,'-D„and D*-D mass split-
tings. As in the nonrelativistic limit, to gauge how sensi-
tive our results are to the assumptions stated in Sec. II A,
we calculate f using other prescriptions which have ap-
peared in the literature. Again, to give a crude estimate
of how these results vary with different prescriptions we
give the "sensitivities" for f in the final row of Table II.

Comparing the results of Table II to the nonrelativistic
results of Table I we find that as the masses increase the
nonrelativistic and relativized results differ less and less.
This should not be unexpected; the heavier the quark or
antiquark the less relativistic is its motion so that relativ-
istic corrections become less and less important and, as
the quark or antiquark becomes heavier, the binding en-
ergy contributes less to the mass of the meson, making
the specific definition of the mock-meson mass used by

the different models less important. This observation em-
phasizes the conclusion of the previous section; the most
important ingredient for obtaining reliable estimates of
the pseudoscalar decay constants is to use meson wave
functions which reflect the correct hadron dynamics. As
a consequence, we feel that even though the pseudoscalar
constants calculated using the relativized quark model
are considerably larger than the values obtained using
naive harmonic-oscillator wave functions, they more
correctly reflect the true dynamics of QCD.

%'e now give what we believe to be reasonable esti-
mates of f which are based mainly on Eq. (4), along with
our estimates of the theoretical uncertainty in these re-
sults which are based on the variation of our results with
the different prescriptions and wave functions described
in the previous sections:

fD —-240+20 MeV, fD ——290620 MeV,

fs -—155+15 MeV, fs =210+20 MeV,

fs ——410+40 MeV .

D. Discussion of results

We have several comments on our results. First, we do
not include values for f and fz since we do not believe

that they can be computed with any confidence in this ap-
proach. That is not to say that we do not obtain reason-
able agreement with the measured values, rather, we do
not believe that the agreement represents a success of the
model. The observant reader will note that what we con-
sider to be reliable numbers are close to those found using
the effective P's of Ref. 13 with the small deviations from
this model reflecting the variation we see when using

different prescriptions. ' We believe those wave func-

tions to be the most reliable. The problem with the
naive-quark-model wave functions of parameter sets 1, 2,
and 3 is that they are based on harmonic-oscillator poten-

TABLE II. Pseudoscalar decay constants using the relativized mock-meson matrix elements. Pa-
rameter sets 1—4 are the same as in Table I. The meaning of the sensitivities are described in the text.
Because our results for f~ are not always equal to the central values of all prescriptions surveyed, the
sensitivities should not be used to obtain bounds on f, .

Parameter set

Set 1

Set 2
Set 3
Set 4
Set 5'
Set 6"
Sensitivity

43
60
79
74

122
157

k) 100%

70
101
138
132
217
269

+50%

72
109
131
148
238
301

+20%

84
129
175

291
364

+20%

47
71
83

107
150
204

+20%

59
91

119

197
263

+16%

82
133

400
552

+12%%uo

'KS'ective oscillator parameters from Ref. 13. They were obtained by fitting harmonic-oscillator wave
functions to the rms radii of the wave functions of Ref. 13 to obtain p =0.623 GeV, pz =0.613 GeV,
PD =0.601 GeV, Po =0.651 GeV, Ps =0.580 GeV, P~ =0.636 GeV, Pz =0.929 GeV, and

S d S C

m„= mz =0.22 GeV, m, =0.419 GeV, m, = 1.628 GeV, and m& =4.977 GeV.
The relativized quark-model wave functions from Ref. 13 with m„=mz, m„m„and mb as above.
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tials and do not take into account the increased impor-
tance of the Coulomb piece for heavier-quark-antiquark
systems. Parameter set 4 is based on efFective P's using
harmonic-oscillator trial wave functions in a linear plus
Coulomb potential. The authors of Ref. 12 found that
using a larger basis increases the wave function at the ori-

gin since the higher states mixed into the wave function
can see the short-distance behavior of the potential. It
appears that using the more accurate wave functions
gives results more in line with ours. Finally, we did not
weight the results using the exact relativized quark model
wave functions very heavily since our experience has been
that they tend to overestimate quantities proportional to
the wave function at the origin. ' Thus, we believe that
the more realistic wave functions are more accurate since
they contain information on the short-distance part of
the wave function.

For completeness, in Table III we survey results of
some other calculations which have appeared in the
literature. We find that our results are in rough agree-
ment with the potential model results of Krasemann'
and of Claudson' who also use QCD-motivated poten-
tials. We assume that the remaining disagreement and
the disagreement with the results of Sinha' can be attri-
buted to the relativized approach we used in calculatingf . We do not feel qualified to comment on the bag mod-

el and QCD sum-rule results and only include them for
completeness. Ultimately, the lattice gauge theory calcu-
lations will be the most reliable as they are a calculation
from first principles. However, for the present time there
are still considerable theoretical uncertainties in the re-
sults. Specifically, most calculations to date are in the
quenched approximation; they do not include the virtual
fermion loops. We find that in general, the lattice calcu-
lations (in the quenched approximation) give values for
f which are smaller than ours, although we note that
when uncertainties in the calculations are taken into ac-
count the results are not inconsistent. It is also expected
that including fermion loops will increase the ratio
fxlf (Ref. 36) and in fact, the only calculation that in-
cludes fermion loops does predict values for fD and fB
larger than our results. Thus, at present, the theoretical
situation is sufficiently unsettled that one cannot say
whether the lattice results are in convict with those of the
quark model.

III. USING f TO EXTRACT CKM MATRIX ELEMENTS

As we stated in the Introduction our goal is not to cal-
culate f to test the quark model but, rather, to use the
quark model as a tool to calculate hadronic matrix ele-
ments so that we can study electroweak physics and ex-

TABLE III. Some theoretical estimates of the pseudoscalar decay constants.

fB

132

139
281
182

178

108
141+21

166

176
199
232

182

140—165

146
155+21

& 290'

150
260
243
287
118
182

360-580

148
172

174+16
170
220

—192
224+26

200

194+15
174+53

190
282+28
-240

Experimental results

Bag model
166 98
196 149

Sum rules
-220 185+19

130
140

-241
150-210
170+20

-232
277+13

Lattice
215+17 —120
234+72 105+34

223
183+28

-280

Potential models
210 125
328 153
335 174
357 229
129 75
200 231

380-590 260-300

175
199
277
277

87
246

170

-288

—150
155+57

425
449
570
429

420-480

255

Ref. 16
Ref. 17
Ref. 13
Ref. 18
Ref. 19
Ref. 20
Ref. 21

Ref. 22
Ref. 17

Ref. 23
Ref. 24
Ref. 25
Ref. 26
Ref. 27
Ref. 28

Ref. 29
Ref. 30
Ref. 31
Ref. 32
Ref. 33

'Reference 35.

-210
Other calculations

—185 Ref. 34
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tract fundamental parameters of the electroweak theory
from experimental measurements. In what follows we

apply our results to several examples.

A. D+~p+v„and
I V,d I

A measurement of the leptonic decay of the D + would
measure the Cabibbo-Kobayashi-Maskawa matrix ele-
ment

l V,d l
provided we know fD.

8(D+ +
)

I(D+~p, +v)

I (D+ all)

Gz
fDrDmD m „l

V d l (1—m„ /mD )

(9)

where mD is the meson mass, m„ is the muon mass, GF is
the Fermi constant, and ~D the lifetime of the D+. The
Mark III Collaboration has placed a 90%-confidence-
leve1 limit of 7.2 X 10 on the branching ratio
B(D+~p+v). Using rD =(10.9+0.3+0.25) X10 ' s

and
l V,d l

=0.0493 which assumes three generations and
unitarity of the CKM matrix they obtain fD~290
MeV/c . If, on the other hand, we know the value of fD,
we can use a measurement of 8(D+~p+v) to deter-
mine

l V,d l
. Using our calculated value for fD,

rD=(10.69+032)X10 ' s, and lV,dl=0. 21+0.03 (Ref.
37) we expect 8(D+~p+v)=(4. 63+~ s6)X10 with
the error obtained by taking the lo bounds of the input
numbers (not by adding the errors in quadrature). This is

at the threshold of being observed and would certainly be
measured with reasonable precision at a ~-charm facto-
ry. Assuming that 8(D+~p+v) will be measured, the
uncertainty in fD would translate into an error in l V,d l

of +0.02. Although this is only a slight improvement
over the present value it is important to check for con-
sistency in different measurements. Such a measurement
could be useful in checking the unitarity of the CKM ma-
trix which, in turn, can constrain new physics. Using
the same reasoning, observation of the decay D,+ ~p+v,
with an expected branching ratio of 8(D,+~IJ,+v)=6
X10, and D,+~w+v, with 8(D,+~r+v)=3X10
would greatly improve our knowledge of lV„l which is
presently not well measured. In addition, knowledge of
fD will be important for using bounds on flavor-changing
decays such as D ~p*e + to put constraints on new
physics. Finally, observation of the decay B+~~+v
with expected branching ratio 8(8+~v+v) =6X 10
would give additional insight into

l Vb„l.

1-(8 ~l vX) xq

r(8' I -VX) 2+x,'
(10)

with q =d or s, where we use the convention that the B
meson contains a b quark, and

B. 8 -8 mixing and constraints on the t-quark mass and V,z

B -B mixing provides a sensitive test of the standard
model and a probe for new physics. ' If only standard-
model contributions are considered the B -B mixing pa-
rameter r is given by

G2

p mt rB BB fB ~B I Vq Vtb I 9QCD~(m /Mw)hg

where gQcD is a QCD-correction factor which is estimat-
ed to be about 0.85 (Ref. 41) and

9 ] 3 ] 3 Z 1nZ
I'(Z, )=—+—

4 41—Z, 2 (1—Z, )2 2 (1—Z, )3

(12)

There are additional contributions involving the c and u

quarks which are much smaller and so we neglect them in
our calculations. The mixing parameter x is sensitive to
several input parameters: the top-quark mass m „ the
CKM matrix element V«, the B parameter B~, and the

pseudoscalar decay constant f~ . Given a reliable esti-
q

mate of (Bz'2' ), x will relate V, to m, so if m, is
q q

known, x will constrain V, . Inconsistencies between
the values determined from Bq -Bq mixing and other
determinations would point to the need for new physics
beyond the standard model.

To calculate x we use rz =(1.18+0.12)X10 ' s

(Ref. 42), M o=5.2794+0.0015 GeV (Ref. 37),
=0.85, lV+l =1, fz =155+15 MeV, and Bz —1. Es-

2

Ak (1—pe '~) —AA,

(13)

In this parametrization A, = V„,=0.220+0.003 and, from
the B lifetime ~z and the semileptonic branching ratio,

l V,b l

= &X'=0046+0.008 (Ref. 45) gives 3=0.94+0.16.

timating the remaining parameter V« is more problemat-
ic and has been discussed extensively in the literature.
In what follows we will use typical values for the parame-
ters and do not make any claim to do justice to this im-
portant subject. Three-generation unitarity of the CKM
matrix constrains lV,dl ~0.023 (Ref. 37). However, to
study the properties of the CKM matrix it is convenient
to use the Wolfenstein parametrization which to 0(A, )

is given by

V„„V„, V„b

Vd V„vb
Vtb

W X'pe '~
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FIG. 3. The B -B mixing parameter xd vs the t-quark mass
using Eq. (11) with the parameters described in the text. The
solid line is the combined ARGUS/CLEO results and the short
dashed lines are the 1' limits. Going from left to right, the long
dashed line is the limit obtained using the CKM three-
generation unitarity bound of

~ V,d ~
&0.023, The dotted-dashed

lines are for cosP= —0.9 with p=0.6 and 0.3. The dotted lines
are for cos$=0.0 with p=0.6 and 0.3. The dotted-dotted-
dashed lines are for cosP =0.6 with p =0.3 and 0.6

FIG. 5. Values of the Wolfenstein parameters p vs cosP. The
horizontal line comes from the recent measurement of

~ V„b/V, d~ and the horizontal dotted lines are the Icr bounds.
The solid curve is obtained by using the central values of the
free parameters in Eq. (11). The dashed curves are the lo
bounds (with the errors combined in quadrature) while the
dotted-dashed curve is the bound found by combining the errors
to maximize the deviation from the central value.

Recent measurements of V„&/V,b ~

from semileptonic B
decay give p =0.45+0. 14. Substituting the central
values into Eq. (11)we obtain

xd =(4.6%1.4)X10 ' GeV m, (1+p —2pcos(()), (14)

where m, is an effective t-quark mass which absorbs the
dependence on F (Z, ).

In Fig. 3 we plot xd vs m, for several possible values of
p and cosP. It can be seen that there is considerable lati-
tude in the m„p, cos(() parameter space although con-
sistency with recent measurements of ~Vb„~ and

~ V&, ~

constrains m, 70 GeV. We can reduce this parameter

space using the precision measurements of the Z mass
combined with low-energy neutral-current measurements
to constrain the mass of the t quark. Ellis and Fogli
find that m, = 132+37 GeV. We should caution the reader
that the errors quoted by Ellis and Fogli may be optimis-
tic. A similar analysis by Lang acker finds the
more conservative bounds that for mH = 100 GeV,
m, =140+53 In Fig. 4 we plot

~ V,d ~
vs m, with the upper

and lower bounds allowed by varying the remaining free
input parameters and the t-quark mass bounds. Substi-
tuting these values into Eq. (14) we obtain the limits on
the p

—cosP parameter space shown in Fig. 5. These con-
straints can be compared against those obtained in other
processes to test for consistency of the standard model.

0.025
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FIG. 4.
~ Vd ~

vs m, . The solid line is the central value of m,
obtained from combined neutral-current data and measure-
ments of M 0 with the dashed lines the lo errors. The dotted-

dashed curve is the value obtained using the central values of all
the remaining free parameters in Eq. (11) while the dotted-
dotted-dashed lines are obtained by taking the 1o. upper and
lower limits of the free parameters (not combining the errors in
quadrature).

We have made what we consider to be reliable esti-
mates of the weak decay constants and their theoretical
uncertainties for all but the lightest pseudoscalar mesons.
We find fD =240+20 MeV, fD

—-290+20 MeV,
S

fs ——155+15 MeV, fs ——210+20 MeV, and fa -410+40
S C

MeV. Our model uses a relativized prescription, and
realistic wave functions which contain information about
the short-distance behavior of the interquark potential.
We have also surveyed the results of other models in or-
der to establish the degree of model dependence in these
estimates.

Our motivation has been that a knowledge of the pseu-
doscalar decay constants is crucial to extracting funda-
mental parameters of the standard model from experi-
ment; the decay constants fD and fD are necessary if we

S

are to find the Cabibbo-Kobayashi-Maskawa matrix ele-
ments

~ V,„~ and
~ V„~, and similarly the value of f~ has

implications for the size of Bq 8
q mixing, and so relates
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the top-quark mass to
~ V,z~. Present measurements of

I Vb. I and
I Vb, I imply rrt, & 70 GeV. In order to test the

standard model we need some understanding of these ha-
dronic matrix elements, and although ultimately lattice
gauge theory will give the most reliable estimates of the
decay constants, at present we must rely on the quark
model. Physics beyond the standard model may (soon) be
present in the data but without some means to estimate
the hadronic effects we will never know.
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