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5 1: Introduction 
- 

f 
Weak semileptonic decays of hadrons provide a well-defined arena for testing 

the structure of the weak currents, for probing the quark structure of hadrons, and 

for extracting fundamental information on the quark mixing matrix. In particular, 

1Cl, decays provide the most accurate valuenl of the Kobayashi-Maskawa matrix 

element Vus, since the hadronic matrix element of the weak vector-current deviates 

from unity only at second order in comparatively small SU(3) symmetry breaking 

and can be calculated to high accuracy. Ultimately one would like to use “I De3 and 

Be3 decays in a similar manner, even though the deviation from any symmetry limit 

is much larger, to provide information on the Kobayashi-Maskawa matrix elements 

Kd, k, Vub, and Kb- 

The quark model has been generally regarded as giving a successful description 

of the semileptonic decays of heavy quarks, both inclusivelyL3’ and exclusivelyL4-71 

These calculations seemed to agree quite well both with the rates for decays like 

D-t A’~+v, and with the polarization of the final vector meson for decays like B --+ 

D*J!+v~. They then were candidates for use in calculating the form factors so as to 

extract the values of the Kobayashi-Maskawa matrix elements from semileptonic 

decays of heavy quarks. 

I ‘- 

In the last year, however, a serious discrepancy between the quark model and 

experiment has apparently arisen in the decays of charmed mesons, D -+ K*e+v,, 

in that both the decay rate and the polarization of the Ii” do not agree with 

the predictions of the previous quark model calculations!4’51 The quark model 

predictions would have comparable D t K*e+ve and D + Ke+v, decay rates 

and comparable populations of the transverse and longitudinal polarization states 

of the final lil*; experimentt8’ however, shows that the rate for D + K*e+v, is 

about half that for D -+ A’e+v,, and that the A’* is dominantly in a longitudinal 

state. 

This has inspired several attempts to reexamine the quark model and the un- 

derlying assumptions involved in the [‘-“I calculations. Up to this point there does 
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not seem to be any theoretically well-motivated reason to modify the predictions 
- 

c, in a significant way, although ad hoc adjustments can be made to fit the data. 

In this paper we first derive the kinematic formulas which are necessary to make 

full use of the data and to extract the form factors for the semileptonic decay of a 

pseudoscalar meson into a vector meson, such as D t IC*e+v,, by using the joint 

angular distribution [12~131 of the Ii’* decay (into A’r) and of the virtual W decay 

(into e+v,). This will permit obtaining the relative signs and magnitudes of the 

form factors and to isolate the discrepancy with the quark model. We indicate 

what reasonable variation of the form factors and the explicit kinematic factors 

do in D and B decays as one moves across the Dalitz plot. Then we use the 

information presently available ( on the decay rate and just the Ir’* polarization) to 

indicate how we might modify the quark-model-inspired form factors, particularly 

if we rescale the magnitudes of the form factors contributing to the transverse 

polarization state. Finally, we indicate what will happen if we apply similar ideas 

to- Kobayashi-Maskawa suppressed B decays. 

5 $?: Kinematics 

We are interested in the exclusive semileptonic decays of pseudoscalar mesons 

into pseudoscalar and vector mesons, and in particular in the information contained 

in the joint angular distribution of the final vector meson and the virtual W. Much 

‘12’131 of this is a standard exercise and has been derived elsewhere. We repeat it here 

for the sake of writing a self-contained exposition and to clarify the results. 

The process at hand for a parent pseudoscalar meson, containing a generic 

heavy quark, Q, is shown in Figure 1. We take the lepton to be an electron, and 

neglect its mass in what follows!“’ For the process M --+ m e V, in the parent rest 

frame the decay rate is given by 

dr(A4 --f m e Y) = (24 
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where 

f dI13 = (2~)~6(~)(P - p - p’ - k) n d3kf 
f cw32Ef 

and 

GF A(M -+ m e v) = - V 
l/2 Qq 

LP HP , 

(2.2) 

(2.3) 

.- 

with VQ, being the Kobayashi-Maskawa matrix element appropriate to Q -+ q tran- 

sitions, and the product is over all final state momenta. We are using a redundant 

(but hopefully not confusing notation) where M (m) re f ers to the parent (daughter) 

meson as well as to its mass. The parent has four-momentum P, the daughter k, 

and the e and v have p and p’, respectively. The virtual W carries four-momentum 

q =p+p’. 

The leptonic and hadronic currents are given by 

Lfi = u,yy 1 - y+J, (2.4a) 

HP =< kIJh&O)IP > (2.4b) 

I ‘- 

If we have instead the final lepton states e+y, as will be the case for a charmed 

quark (and not anti-quark) decaying, we must change the ordering of the spinors 

in the lepton current. The matrix element of the hadronic current must be con- 

structed from Lorentz-invariant form factors and the four-vectors in the problem. 

Writing Jp = VP - Ap”, and with standard form factor conventions we have for a 

pseudoscalar meson in the final state: 

< klV,(O)IP > = f+(q2)(P + k)p + f-k2)(p - kh > 

and for a vector meson in the final state: 

P-5) 

< k, ~lV,(O)ll= > = ig(q2)~PvPrrc*o(P + k)p(P - k)a (2.6a) 
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- < k, cIA,(O)IP > = f(q2) 6; + a+(q2) (E* . P)(P + k)p + a-(q2) (E* . P)(P - k)p, 
i (2.6b) 

where E is the vector meson polarization and q2 = (P - k)2. It is convenient to -. 
define the dimensionless kinematic variables y = q2/M2 and z = P-p/M2 by scaling 

to the parent meson mass. Neglecting the mass of the electron, the kinematically 

allowed limits of y are from a minimum of 0 to a maximum of (1 - ~x/M)~. The 

range allowed for x depends on the value of y and can be derived from Eq. (2.10) 

below. 

.- 

In the parent rest frame we denote quantities by a ‘N’. We reserve E,, E,, etc.. 

without the tilde to denote quantities in the ev center of mass frame (ev-frame) 

where the amplitude will turn out to have a simple angular dependence. Let -k 

define the direction of the positive z-axis and let 8, be the angle of the electron 

relative to this axis in the ev-frame, with the y-axis oriented perpendicular to the 

plane defined by the 

the natural variables 

A’, e, and v momenta, as shown in Figure 2. In this frame, 

are 

E,F&=$& (2.7a) 

and cos 8,. On the other hand, in the parent rest frame the natural variables are 

E,=Ad. (2.76) 

and y = q”lM’. 

The mass shell relation P” = (q + k)2 = Ad2 may be used to obtain expressions 

for the energy and momentum of the final state meson: 

Em = &(1-$-y) (2.8a) 

and 

Ikl = W& (2.8b) 
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in the ev-frame, whereas in the parent rest frame 
- 

f 
E, = $ 

m2 
1tM2 

.-. 

and 

IL1 = Ii- 

with 

-Y 
) 

,2 112 
4M:,Y - 

I 

(2.9u) 

(2.9b) 

The connection of the natural variables in the two frames is made complete by 

expressing the angular variable in the ev-frame, cos 8, = - cos tl,, in terms of 

variables in the parent rest frame by evaluating P . p in the two frames: 
. 

Mz = i?:, = ~cos&t~(l-$+y). (2.10) 

The Feynman amplitude is Lorentz invariant and we split the phase space into 

Lorentz invariant pieces so that it takes on a particularly simple form: 

drI3 = (4-y)5 Ii- dy dR, dfi2, (2.10) 

I ‘- 

where dR, is the solid angle of the electron in the ev-frame and &I, is the solid 

angle of the final meson in the parent rest frame. This gives the differential decay 

rate: 

dr 1 li’ IA12. 
dyd&dSi, = 2 (4~)~ 

(2.11) 

We now calculate the amplitude squared in the ev-frame. After summing over 

the electron and neutrino spins one finds the usual result: 

IA(A4 ---f m e Y)[’ = G --y Iv,,l" L’” H,H:, (2.12) 

and when we neglect the mass of the lepton only the spatial components of the 
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lepton tensor are non-zero in the ev-frame: 
- 

c 

where 77 = +l for eG and 17 = -1 for e+v final lepton states and Z is a unit vector 

along the charged lepton direction in the ev-frame. 

Consequently, we only need the spatial components of HP in the ev-frame. It 

is then useful to expand H in terms of a helicity basis (effectively of the virtual 

W) in that frame: 

H = H+ G+ + H- & j- Ho ii,, , (2.14) 

where . 

Putting Eq. (2.13) and (2.14) into (2.12), we then have 

G’$ IAl = ,lvQq12 4fbf2 y ;(I -?jcos&)” lH+12 

t ;(l + ycosQ2 111-j" 

I '- 
+ sin26, IHol” -I- isin20, (H+H_*_ + HSH-) (2.15) 

- -&sin8,(1 - qcosOe)(H+H,* $ HiHo) 

- Lsintl,(l $ qcosO,)(H-Ho* + HrHo) 
Jz 

. 1 
The angular dependence in this equation is entirely a reflection of the V - A char- 

acter of the W t eu amplitude. 

What remains is to relate the helicity amplitudes H+,-,o to the invariant am- 

plitudes defined in Eqs. (2.5) and (2.6). For th e case of a pseudoscalar final state, 
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we have simply 

f Hk =0 
Ii’ 

Ho = - 2 z f+(q2) ’ 
(2.16) 

and f-(q2) makes no contribution, as (P - q)P has no spatial component in the 

eu-frame. 

For vector meson final states, such as the K*, Eq.(2.6) gives the spatial part 

of this hadronic current in the ev-frame as 

H = 2+j A4 g(q2) 2*xk - f(q2) i* - 2 (E*. P) u+(q2) k . (2.17) 

The a- form factor, like f-, does not contribute to H. To proceed further, we 

express i in terms of the polar and azimuthal angles in the vector-meson’s helicity 

frame, 8’ and c$*, and Lorentz transform it into the ev-frame (only the z-component 

changes by a factor l&/m), where we express it in the G+,o,- basis: [I51 

Cll i = 5 sin O*eiw* &+ - 5 sin O*e-+* 15~ - m cos t9* $0 . (2.18) 

Then we have that 

HA z 7 5 sin O* e*@’ I?* 

= 7 ssin0’ e 
(2.19a) 

*+* f(q2) F 2MIr’ g(q2) 
> 

and 

Ho 3 cos 8* Ho 

= coso* (&) [(l - $-,)f(ii’) t 4IP u+,qi,] . (2*1gb) 

Note that CJ(CJ~) only occurs in Hk and u+(q2) only in Ho. 
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In the decay of the final vector-meson, the momentum direction of either of the - 
c resulting pseudoscalar particles in the vector-meson rest frame follows the direction 

of i and acts as a polarization analyzer. The distribution in 8*, 4* is dictated by 

the vector-mesons helicity, which must be the same as that of the IV: Specific 

Be dependence is tied to particular 0*, 4’ dependence. The relative magnitudes 

of the helicity amplitudes H+,-,o are in turn related to the sign and magnitude 

of the invariant amplitudes. Note especially that the relative sign of f(q2) and 

s(q2) yields the relative magnitudes of H+ and H-: It is in this way that the 

V - A character at the quark level is translated into a positive relative sign and 

revealed at the hadron level as I H- I > I H+ I. 

.- 
We are now in a position to put everything together: Eq. (2.16) or (2.19) into 

the square of the amplitude, Eq. (2.15), and that into the differential decay rate 
. 

in Eq. (2.11): 

dr 
dydR,d&,, 

= G;IvQg/2 Ii’ bf2 Y 
ew5 

(i(l - 1)cos0~)2)(~sin2U*) IH+I” 

+ cf(1 +7?Cos0,)“)(.~sin20*) IH-12 

$ sin2 Be cos2 8* IRa12 
-. 

- (t sin2 0,) (t sin2 8* cos 2$*)2 R+ H- 
(2.20) 

t -jjsinD,(l - ~cos6~)(Lsin0*cos0*cos$*)2 H+ Ho 
: _- Jz 

- ssin8,(1 +~cos0~)(Lsin0*cos0*cos$*)2 H- Ho) , 
Jz I 

where we have assumed that the amplitudes H+,o,- are relatively real in writing 

the last three interference terms. At y = 0, the overall factor of y causes all the 

contributions to the rate to vanish except that from [HO/~, since Ho contains a 

factor of l/a. At y = ymaz, the overall factor of K vanishes, causing the rate to 

do likewise. 

Before turning back to the differential decay rate and examining the magnitude 

of the different contributions, let us integrate over all angles and sum over final 
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- 

polarizations to obtain: 

c 

dI’ -= G#‘&~21i’M2y 
dY 96r3 IH+12 + IELI2 + IHo12 1 (2.21) 

The helicity amplitudes H+,o,-, which are related to the form factors by Eq. (2.19) 

for a final vector-meson, are functions of y = q2/M2. For a pseudoscalar final state 

we have in particular from (2.16): 

dr G~IVQp~2K3M2 -= 
dY 24~~ lf+W2 Y)12 . (2.22) 

.- 
The transverse and longitudinal widths are obtained from the parts of Eq. (2.21) 

involving Ig+12 + IH-12 and IJ?o12, respectively, by integrating over y. It is the 
. 

ratio of these quantities which has been obtained by E691 up to now!’ 

5 3 Some Examples in the Quark Model 

A glance at Eq. (2.20) tells us that much more can be learned from studying 

the full joint decay distribution over the Dalitz plot than from the integrated 

longitudinal and transverse widths. To understand in detail what can actually be 

learned, one needs to look at the y distribution for each of the terms in Eq. (2.20) 

in some typical cases. 

We adopt the viewpoint of Ref. 4, in that we use the quark model to calculate 

the values of the form factors at y = ymaz: where the final meson is at rest, and 

then we extrapolate them over the full y, i.e., q2, range down to y = 0. Unlike 

Ref. 4, we use a pole model to do this extrapolation. We will discuss this more in 

the next Section. 

As a first example, we consider Cabibbo-allowed D decays, with the form 

factors taken from a specific quark modeln6’ applied at the point y = ymaz, and 

the values continued to other values of y using a monopole for each of the form 

factors with a mass MPole = 2.11 GeV. This agrees with the measured’17’ form 
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factor in D -+ Ke+v,, where only the vector current is relevant, and is consistent - 
c with the mass of the appropriate meson, the 0:) as well. It is even more heartening 

that the decay rate for this processes from the quark model (from integrating Eq. 

(2.22) over y with f+ = 1.20 at y = y,,,) is 7.1 x lOlo set-‘, consistent with the 

experimental value[*’ from combining Mark III and E691 data of I’(D + Ke+v,) = 

7.8 f 1.1 x 1Oro set-l . 

With these assumptions, the values of the form factors and helicity amplitudes 

at Ymin = 0 and ymaz for D + K* eSv, are given in Table I. The form factors 

themselves change by a factor of 1.27 from y = 0 to y = ymaz, and none of the 

helicity amplitudes changes sign over the physical range of y, although H+ and 

Ho both get contributions from two form factors which enter with opposite signs. 

The combinations of helicity amplitudes which form the coefficients of the various 

angular factors in Eq. (2.20) are shown in Figure 3. We note for later reference 

that it makes little difference in the decay rates whether one use poles, double 

poles, exponentials, or even a linear form when the form factors change so little 

over the Dalitz plot, so long as the first derivative is approximately right. 

I ‘- 

First, l?- is generally considerably bigger than fi+, bearing out our previous 

comments on how the V - A structure at the quark level is manifested at the 

hadron level. While the condition H+ = H- is forced by kinematics at y = ymaz, 

these two amplitudes quickly go their own ways and differ by more than a factor 

of five at y = 0. 

Second, and less intuitive, is the large size of Ho, which leads to an integrated 

longitudinal width, 4.7 x 1Oro set-r, comparable to the integrated transverse width, 

4.0 x lOlo set-l . (Figure 3 is normalized so that the width into a given helicity 

state is just the area under the IHxl2 curves.) Again, kinematics forces go = H+ = 

g- at Y = Ymax, but the amplitudes soon separate so that in the region near 

y = 0 the amplitude i? 0, which contains a factor of l/a, very much dominates 

the others. This feature is independent of modest changes in the form factors 

employed: 
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l Using 2.11 GeV in the vector current form factor and 2.53 GeV for the 
-. 

c mass of the pole in the axial-vector current form factors gives I’L = 5.2 x 

lOlo set-l and r~ = 4.3 x lOlo set-‘, about 10% larger than the numbers 

above for a single value of Mpole = 2.11 GeV. 

l While the negative value of the form factor a+ means that it interferes de- 

structively with f in the helicity amplitude no, even setting a+ to zero, as 

was done in early versions of Ref. 4, just increases IL from 5.2 x lOlo set-r 

to 7.7 x lOlo set-l (with the axial-vector pole fixed at 2.53 GeV). 

l On the other hand, using the form factors of Ref. 5, which almost doubles the 

magnitude of a+, only results in a decrease in IL to 4.5 x lOlo set-‘. At the 

same time, shifts in other form factors make I’T increase to 4.9 x lOlo set-‘, 

so that the total width is almost unchanged. . 

Since the experimental value [‘I of the full Ii" semileptonic width is 4.1 f 0.7 f 

0.5 x lOlo set-’ 7 we see that we are already in some trouble; the quark model 

for-m factors give about twice the correct width (as contrasted to D t lie+v,). 

It is this, and the ratio of the longitudinal to transverse widths ofLsl 2.4’::: f 0.2 

(obtained solely from the K* decay angular distribution) to which we alluded in 

the Introduction as surprisingly at odds with the quark model. 

Quite striking in Figure 3 are the large transverse-longitudinal interference 

terms, which can be picked off through their characteristic cos d* angular behavior. 

They peak in the middle of the y range, and have signs which reflect back on 

the underlying dynamics. They should provide a redundant determination of the 

relative sizes of the amplitudes, as well as a unique handle on their relative signs. 

As another example, we take the decay B + D*e-fi, using quark model form 

factors[“’ at y = ymaz, but this time the monopole mass is chosen as 6.8 GeV (to 

approximately represent the mass of the relevant bottom-charm mesons), so that 

the form factors change by a factor of 1.3 from y = 0 to y = ymax in B -+ D*e-9,. 

In the same model, the width for B -+ De-&, with f+ = 1.16 at y = ymaz and 

vcb = 0.046, is 2.6 x lOlo set-’ (corresponding to a branching ratio around 3%), 
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[19,201 and is again, within fairly big experimental errors, consistent with experiment. 

- 
c The resulting form factors and helicity amplitudes for B t D*e-V, are given in 

Table II, and the combinations of helicity amplitudes which form the coefficients 
._. 

of the angular factors in Eq. (2.20) are shown in Figure 4 as a function of y. 

As in the case of D + K*e+tY,, the amplitudes fi- and H+ differ substantially 

away from y = ymaz, as does go. The longitudinal and transverse integrated 

widths are comparable (2.3 x lOlo set-’ and 2.6 x 1Oro set-‘, respectively), and 

their sum corresponds to a branching ratio of about 5.8% . Both because the 

experimental B -+ D*e-V, branching ratio [21’221 and the ratio of longitudinal to 

transverse widths’231 is consistent with the numbers above, we are presently quite 

comfortable here with the predictions of the quark model. 

The interference terms in Eq. (2.20) are again very dramatic. The factor of . 
71 in front of the Hk - no interference terms means that the sign of these effects is 

flipped between D and B decays. 

- The question now is whether the disagreement in D --+ K*e+Ve is simply a 

consequence of the inapplicability, of the quark model to a situation with a low 

final quark mass, i.e., m,, or represents some more fundamental breakdown of the 

quark model for semileptonic decays of hadrons containing heavy quarks. If the 

latter is the case, we should ask what would be the effect in B* -+ D*e-fi, and how 

detectable will it be using the angular correlations between leptons and hadrons. 

If, on the other hand it is the former situation, then we still might expect problems 

in the processes B --+ re-fi, and B --) pe-fi,, decays which are crucial to extracting 

a quantitative value for the Kobayashi-Maskawa matrix element I&b. So in either 

case it will be important to understand what “goes wrong” in D ---f I?*e+ve, 

if anything indeed does disagree with the quark model. In the next Section we 

consider possible modifications to the quark model amplitudes, how they can be 

diagnosed experimentally, and what their consequences would be in the various 

decays we have mentioned. 

13 



- 

3 4: Modifying the Q uark Model and its Consequences 
-. 

c If we take as given the disagreement between the quark model and experiment 

in D + K*e+tYe, both in absolute rate and in I<* polarization, then we might 

look for how we might modify the quark model in order to accommodate these 

data. There are fairly strong argumentsL241 in the context of the quark model that 

when both the initial and final quarks are heavy and the fractional energy release 

is small, 

<< M2 - m2 

2M2 
<< 1, 

that the inclusive quark level calculation should be good. It has further been 

noted”” that in this regime the sum of the pseudoscalar and vector meson final 

states, with form factors calculated in the quark model, mock up the inclusive 

quark level calculation, not just at ymax, but point by point in the Dalitz plot. It 

would seem that in this case the quark model “must” be right. 

- This may well be the case for B decays to charmed mesons. However, in 

D decay, even if we consider the initial charmed quark as heavy, the final strange 

quark is not. It is at least possible to contemplate modifications. How might we 

modify the quark model predictions in D decay, if indeed they need “fixing?” 

Proceeding in an ad hoc manner, we first ask whether just changing the form 

factor a+, which had once been under suspicion as to its calculability in the quark 

model, could change the total D + K*e+v, width and the longitudinal to trans- 

verse ratio so as to better agree with the central values from experiment?‘81 The 

answer is no - Both the total width and the longitudinal to transverse ratio are 

quadratic functions of a+ with a common minimum, and one cannot make the to- 

tal width smaller while at the same time increasing the longitudinal to transverse 

ratio (which is what is needed when starting from the quark model). 

A second ad hoc procedure is to rescale the form factors that contribute to 

the transverse helicity states, f and g. Viewed from the perspective of the quark 

model, especially when applied at y = ymax with the final meson at rest, it makes 
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little sense to single out a particular polarization 
- 

f viewed in terms of an infinite-momentum-frame 

state. It has more appeal when 

approach where the transverse 

polarizations correspond to so-called “bad” operators. This has been especially 

considered in Ref. 9 . 

An example of such resealing is to take: 

f-w 
g-+7. (4.1) 

.- 

: ‘- 

This obviously reduces both the transverse helicity amplitudes by a factor X, but 

since the form factor f also enters the helicity zero amplitude, that changes also. 

We are left with the form factor a+ at our potential disposal. Leaving it with a 

value from the quark model calculations discussed in the previous Section gives a 

poor fit to the data of Ref. 8. 

Instead, we have made a search in the X, a+ parameter space for values which 

fit both the total decay rate and the longitudinal to transverse ratio in the decay 

D t K*e+v, within the experimental errors. An example of the amplitudes which 

are close to optimum for fitting the central values of the data[” is shown in Figure 

5. Here X = 0.5 and a+ = 0.1 GeV-l. The resulting longitudinal and transverse 

decay rates are 2.2 x 1Oro set-’ and 1.0 x lOlo set-‘, respectively. 

Note that a+ is of opposite sign to that given by the quark model. This 

is because we have resealed f and g in order to lower the transverse portion 

of the decay rate dramatically, but then the longitudinal part would decrea.se as 

well (through the form factor f). S ince the magnitude of the longitudinal decay 

rate was of about the right magnitude beforehand, it is necessary to change the 

sign of a+ so as to get constructive rather than destructive interference with f in 

the longitudinal helicity amplitude, and thereby boost the longitudinal decay rate 

back up to near its central value experimentally. On comparing Figures 5 and 3, we 

see the suppression of the transverse amplitudes (but still the large longitudinal 

transverse interference terms) and the rapid rise of /HoI as y + 0 because of 
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the constructive interference of f and a+. These results are similar to those 
- 

f of Ref. 9, but those authors determine a+ theoretically in the course of their 

resealing procedure; we obtain a value (close to theirs) from approximately fitting 

the experiment al data. 

We could have also obtained a reasonable fit to the data of Ref. 8 by leaving 

g alone. An example of this is shown in Figure 6, where again in an ad hoc 

manner we have modified f and a+ compared to the quark model as in the previous 

example, but not g. Note the zero in the amplitude H+ which arises because f has 

been reduced and the cancelling contribution of g in B+ is then able to overcome 

it in the middle of the physical region. 

.- 
Overall we see that a fairly drastic change from the quark model is required 

to fit the central values of the data from Ref. 8. A small modification of one form - 

factor will not do it. 

Now let us consider what happens in B decay. As already noted, there seems 

to be good reason to trust the calculation of B -+ De-C, and B -+ D*e-fi,. This 

is not true for B -+ Te-fi, or B + pe-c,, where light quarks appear in the final 

state and the q2 range is large. 

: ‘- 

If we nevertheless proceed in a straightforward manner and apply the quark 

model of Ref. 6 at y = ymax, then we find the results[251 given in Table III and 

Figure 7 for B t pe-fi,. Here we have used a vector current form factor pole at 

M pole = 5.33 and an axial-vector one at Mpole = 5.75 GeV. Note that in this case, 

more than a.ny other we have considered, the poles are very close to the edge of the 

physical region. This means that on the one hand, they should indeed dominate 

the behavior of the form factors near y = ymax. On the other hand, they change 

by roughly a factor of three (for the pe-fi, final state) in the q2 range which is 

available (see Table III), and different form factors give quite distinct results. 

In any case, the results (see Figure 7) are quite spectacular: 

l There are zeroes in both the H+ and Ho amplitudes at different values of y. 

This makes for an especially interesting behavior of the interference terms 
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.- 

: ‘- 

- 

between helicity amplitudes, which each have a characteristic $ dependence 

given in Eq. (2.20). 

l The H+ (fi-) amplitude gets destructive (constructive) contributions from 

the f and g form factors. The zero in H+ arises here since g is much larger 

than for B + D*e-v,, and its coefficient of ~MB Iii in Eq. (2.19a) causes 

it’s contribution to this helicity amplitude to quickly catch up to that of f as 

we move away from y = ymaz. Of course this increases I?- correspondingly, 

according to Eq. (2.19a). 

l A similar situation, but less dramatic, pertains to the amplitude Ho where 

f and a+ destructively interfere. Still, with our choice of parameters a zero 

results near y = 0. This pulls the whole longitudinal portion of the decay rate 

down and it is far smaller than the transverse one (0.012 x lOlo set-r com- 

pared to 0.071 x 1Oro set-l). 

l These zeros persist, even though the magnitudes of the ampitudes change 

substantially, if we use all exponential form factors, all double poles, or all 

single poles with somewhat different masses than we took initially. However, 

the zeros go away if we used a single pole for f, but double poles for g and 

a+, as in Ref. 12, for in this case the double pole (chosen, as before, quite 

near the physical region) causes the latter two form factors to fall-off so fast 

that they are not large enough to overcome f in either a+ or go. 

l The rate for B + re-fi, is extremely sensitive to what we take for the form 

factor, for most of the decay rate comes from the region near y = 0, while we 

are fixing the amplitude at y = ymaz, very near the pole, and using a form 

factor to extrapolate to y = 0. With Mpole = 5.33 GeV-I, there is a factor 

of about 14 in the form factor between these two y values! The extrapolation 

to y = 0 using a single pole is unreliable, but other choices of form factors 

can be criicized as well. We very much need experiment to guide us here. 

l If we scale the f and g form factors by a factor of 0.5 and set a+ = 0.1 GeV-r, 

as we did for D -+ K*e+v,, then we get the situation shown in Figure 8. 
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The zero in the H- amplitude remains, but that in Ho is gone, for a+ now 

?. interferes constructively with f in that amplitude. 

Thus, it would appear that serious modifications of the quark model amplitudes 

for exclusive semileptonic decays need to be considered, at least when there are 

light quarks in the final state, if the central values of the E691 experiment for 

D t K’ e+ V, persist with further data and analysis. These modifications have 

dramatic effects on the helicity amplitudes for decays with final vector mesons, 

which show up in the full, joint angular distribution. The behavior as a function 

of q2 of the coefficients of the terms in the joint angular distribution is a powerful 

tool for untangling these amplitudes, and especially for seeing the zeros that might 

occur, the relative signs of amplitudes, and their magnitudes in a clean way. 
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Table I 

Variation of form factors and helicity amplitudes between y = 0 and y = 

Yrnax = 0.27 for the decay D + Ii’* e+ ve with form factors from the quark 

models”’ and Mpol, = 2.11 GeV. 

Value at ymax Value at ymin = 0 

K (GeV) 0 0.72 

f (GeV) 2.58 2.03 

g (GeV-‘) 0.68 0.53 

a+ (GeV-‘) -0.26 -0.20 

I?+ (GeV) 2.58 0.60 

I!f- (GeV) 2.58 3.46 

,@o (GeV) 1.35 1.20 

Table II 

Variation of form factors and helicity amplitudes between y = 0 and y = 

Y ma2 = 0.38 for the decay B + D* e- V, with form factors from the quark 

models”’ and Mpole = 6.8 GeV. 

Value at ymax Value at ymin = 01 

K (GeV) 1 2.25 

a+ (GeV-‘) 1 -0.15 I 

H+ Pw I 
I?- (GeV) 1 

,LZO (GeV) I 2.61 
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Table III 

Variation of form factors and helicity amplitudes between y = 0 and y = 

Ymax = 0.73 for the decay B -+ p e- V, with form factors from the quark 

n1ode1/251 with Mp,le = 5.33 GeV for vector current, and 5.75 GeV for axial-vector 

current form 

- 

factors. 

Value at ymax Value at ymin = 0 

K (GeV) 0 2.58 

f (GeV) 4.03 1.55 

g (GeV-‘) 0.58 0.17 

a+ (GeV-‘) -0.20 -0.08 

I?f+ (GeV) 4.03 -2.94 

I?- (GeV) 4.03 6.05 

&Ho (GeV) 3.44 -1.83 
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FIGURE CAPTIONS 

1) The semileptonic decay of a heavy quark, Q, into a lighter quark, Q, and a 

virtual W which becomes a lepton and neutrino. 

- 2) Coordinate system for semileptonic decay of a heavy meson: (a) The decaying . 
virtual W, (b) The decaying final vector meson. 

3) The coefficients in a quark modeln6’ of the angular factors in Eq. (2.20), as 

a function of y for the decay D --+ I?*e+Yer where 7 = -1: (++ solid curve) 

i?t”-, (- ~ solid curve) I?!, (00 solid curve) I?:, (dashed curve) -2fi+ B-, 

(dotted curve) 2~ I?+I?o, (dash-dotted curve) -2~ I?- Ho, all multiplied by 

G~~Vc,/21i’-M~y/96 r3 with V,, = 0.975 . 

4) The coefficients in a quark model”s1 of the angular factors in Eq. (2.20), as 

: ‘- 
a function of y for the decay B t D*e-Ye, where 7 = +l: (++ solid curve) 

Bt, (- - solid curve) I??, (00 solid curve) I?:, (dashed curve) -aI?+ I?-., 

(dotted curve) 277 I?+I?a, (dash-dotted curve) -217 I?.-. Ha, all multiplied by 

G;~~cb121h%f;y/96 7r3 with Vcb = 0.046 . 

5) The coefficients, with resealing of the f and g form factors by a factor X = 0.5 

from Figure 3 and changing a+ = +O. 1 GeV-1 at y = ymaz (see text), of the 

angular factors in Eq. (2.20), as a function of y for the decay D + I?*eSVe, 

where q = -1: (++ solid curve) Bt, (- - solid curve) I??, (00 solid curve) 

I?:, (dashed curve) -aI?+ I?-, (dotted curve) 27 I?+I?a, (dash-dotted curve) 

-27 I% Ho, all multiplied by G’$~Vc,~21~M~y/96~3 with V,, = 0.975 . 
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6) The coefficients, with resealing of the f form factor by a factor X = 0.5 from 
- 

f Figure 3 and changing a+ = +O.l GeV-1 at y = ymaz (see text), of the 

angular factors in Eq. (2.20), as a function of y for the decay D -+ K*e+V,, 

where 7 = - 1: (++ ‘solid curve) I?:, (- - solid curve) I?!, (00 solid curve) 

I?$, (dashed curve) -aI?+ H-, (dotted curve) 27 I?+I?a, (dash-dotted curve) 

-2q I?- I?o, all multiplied by G~~Vc,~21~M~y/96~3 with V,, = 0.975 . 

7) The coefficients in a quark model[251 of the angular factors in Eq. (2.20), as 

a function of y for the decay B + p e- v,, where 7 = $1: (++ solid curve) 

fi$, (- - solid curve) i??, (00 solid curve) Ri, (dashed curve) -2I?+ I?-, 

(dotted curve) 27 I?+I?o, (dash-dotted curve) -277 B- Ho, all multiplied by 

G’;ll;lub121i’hf;y/96 7r3 with VUb = 0.005 . 

8) The coefficients, with resealing of the f and g form factors by a factor X = 0.5 

from Figure 7 and changing a+ = +O.l GeV-1 at y = ymaz (see text), of the 

angular factors in Eq. (2.20), as a function of y for the decay B t p e- v,, 

- where q = $1 with form factors resealed as in the text: (++ solid curve) 

i?T, (- - solid curve) l?!, (00 solid curve) l?i, (dashed curve) -a&+ I?-, 

(dotted curve) 217 H+I!?~J, (dash-dotted curve) -2~ I?- Ho, all multiplied by 

G;Ivub121i$$y/96 ?r3 with V&, = 0.005 . 
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