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Abstract: A model proposed recently for explaining the decay of
pseudoscalar charmed mesons is applied to studying their expliocit
decay into two pssudoscalar mesons. The model realizes quark
confinement and asymptotic freedom in a simple minded way which
leads in a natural way to the enhancement of the hitherto neglea-~
ted W-exchange and W-annihilation decay modes. The key ingredient
giving rise to this enhancement is the appearance of a new term
violating the vector (as well as the axial-vector) current
conservation in addition to the usual one proportional to the
differences (sums) of quark masses which are negligibly small. In
the valence quark approximation these new contributions are
estimated and found, to be in quite good agreement with all
available data. Many predictions are made which could and should
be experimentally checked.

Key-words: Hadronization; Charm; Decay; Vector current congerva
tion, '
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I. Introduction.
Our experimental knowledge of charmed meson decay has

increased enormously in recent years, largely because of the
results of the Mark IIX Collaboration(1}),

This experimental information has gradually shown the
limitations of the various theoretical models(2:?) mostly becaune
the suppresalon of certain decay modes, expected from the effec-
tive color Hamiltonian, has not been confirmed by the data.

' The discrepancy between the theoretical expectation and the
axperimental observation has been interprated(‘) as evidence of a
non-spectator (N.S.) or W-exchange (W.E.) contribution much
larger than expected from the traditional schemes favoring
W-radiation (W.R.)} cparm decay mode. The difficulty with imple-
menting this general observation lies in reconciling it with the
assumption that the quarks produced in a weak decay behave
essentially as free particles before hadronization occurs. In the
traditional scheme{3) the W.E. contribution to the D =+ Kn
amplitude is suppressed due to the conservation of the vector
meson current

3y Syy d = (mg - mg} 5 d. (1.1)

This 18 the origin of the suppression of the W.E. decay of
charmed mesons into two pseudoscalar mesons (and of the analogous
suppression in the implicit D* decay) since it is proportional to
the mass difference between the strangs and the d-quark (which is
negligible when compared with the charm quark hass ¢).

The recent observation(6) of a rather large branching ratlo
(B.R.) for D* - K*¢ which can only come from W.E. 18 the first
explicit confirmation that this decay mode gives a contribution
larger than anticipated; this may enhance drastically the role of
the unknown form factor multiplying the W.E. amplitude but the
net result is an increased difficulty in reconciling theory and
experiment(7).
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Perhaps the crucial role played by the D* + X*¢ channel ias
best appreciated in that, omitting it, a suitably performed 1i/N
expansicn seemed able to accomodate the other decay data which
receive contribution from both W.R. and W.E. decay modes {8},

It is perhaps instructive to briefly review the various
alements which make it so difficult to reconcile the data for
non-leptonic decays of pseudoscalar charmed mesons with the
conventicnal theoretical expectations from pure W.R. contribu-
tion:

1) the ratio T(D*)/t(D*) is about 2 whereas it was expec-
ted to be close to one;

41) the same holds for B.R.(D* + t*X)/B.R.(D* + t*X) + 2
while it was expected to be of order one;

111) two-body decays of the form D* « M°n* (M* = K°*, K**)
are systematically suppressed as compared with the predictions of
the standard model whereas the opposite holds for the decays
D* +» M n* (M~ = K=, K~") and D®* + = M°n® (M* = K*, K*")

iv} the latter decay-mode D* - M°n' (which is allowed 1if
W.E. is not negligible) is much underestimated when compared with
the data;

v) the value B.R.(D* + K*¢) « 1% implies{®), phenomeno-
logically, the W.E. dominance in the decays D* + K*o* and
D* - K "o".

In this paper, we discuas the implicaticon on the explicit
two-body decays of pseudoscalar charmed mesons of a hadroniza-
tion model in which the W.E. contribution is naturally enhanced.
This model has been proposed in a recent paper(lo’ where it
has been shown to provide a straightforward explanation for
points i) and ii) above. Furthermore, as discussed in ref. 11,
the model is rather atypical and makes specific testable predic-
tions such as a noticeable decay F* + n*n* in violation of the
8I=1 rule. This is a striking prediction which we urge the ex-
perimentalists to check.
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In Sec. I we briefly review ths model {(for more details the
reader is referred to ref. 10) especially emphasizing its connec-
tion with the vioclation of the vector and the axial-vector
current conservation. Sec. III i{s devoted to evaluating the decay
widths of a pseudoscalar charmed meson into two pseudoscalar
light mesons in the valence quark approxlmntion(3’ whereas
results and predictions{ll) are discussed in Sec. IV. Some
conclusions are drawn in Sec. V. The E‘o decay is discussed
elsewherefl2),

It should ba stressed from the start that the major anmbi-
gquities in ocur analysis are connected with the poor knowledge of
the form factors entering in the game. We have no new ilnsight on
this point for which we rely entirely on previocus analyses.

II. Qutline of the model.

The quark confinement postulate of the QCD-like schemes
constitues the basis of a recent model {10} according to which, in
the rest frame of the decaying'charmed meson, the quarks produced
in a weak decay are described by & fres wave damped by a gaussian
whose width xg is taken to represent the distance beyond which
hadronization takes place

v(X,t) = wip) exp(-ip,x*) exp(-X2/2x92) {IX.1)

Formally, this amounts to assuning that

P+ =13 ~ix/xq2 (12.2)
which, in turna, ylelds a Dirac equation of the form

(1vMa, + L T-X/xg2 -m) w(X,t) = 0. (11.3)

where, the non-hermitian "potential" 1?:;?x02 has a natural
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interpretation as it induces a probability non-conservation
implying that the quarks produced eventually disappear, and leave
Place to hadrons in the asymptotic states.

In ref. 10 we go quite at length toc show how the model under
discussion amounts to having free-quarks only within a distance
Xy and how this implies replacing exact three-momentum con-
servation (at the level of the produced quarks, not of the
mesons in the final state) enforced by a Dirac delta function by
a "gaussian" smearing of a width « 1/x3. This reduces to the
"free" case (when leptons i.e. truly elementary particles rather
than quarks are produced) in the limit x5 + = which is the frame
in which the usual theoretical models are formulated.

Taking eq. (II.3) and the analogous one for ¢, with a
standard procedure d; gat

¥ M = im'-m) Vv - B T/ (x92) » (11.4)
and
3% Yvse = d(m'+m) ¥'vge - 28 (T-X)/(xg?} vgu. (I1.5)

The last terms on the r.h.s, of eqa. (1I1.4,5) represent new
contributions to the vioclations of vector and axial currents
respectively, in addition to those, vanishihgly small in the N.S.
cagse {see eq. (I.1)) proportional to the sums and differences of
the masses of the quarks produced. In particular, the new term in
eq. (II.4) will be responsible for increasing the rate at which
charmed mesons decay in two pseudoscalar mescns dus to the W.E.
mode, Similarly, the new term in eq. (II.5) will be responsible
for increasing the rate at which charmed mesons decay in a vector
and a pseudoscalar meson through W.E.. Also, this latter term is
responsible for increasing significantly the total decay widths
of D* and F* (as compared with D*) which receive contributions
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not only from W.R. (responsible for the D* width) but, respec-
tively, from W.R. and W.A. (W-annihilation) as shown in ref. 10.

In order to better understand the physical origin of the new
pleces of currents generated in our model, it is best to carry on
the usual Gordon decomponition(13).

Ju = T'mt = (1/2m) (&% /axM 9 - F' aw/axM) -
- (1/mm') 3/ax¥ (¥ oy V) (1I.6)

l.et us denote by ju(l) and ju(z’ the first and second term
at the r.h.s. of eq. (II.6).

ju(l) is, formally, identical to the current one defines
non-relativistically (if we replace the Schrdinger wave function
with the Dirac's one). j“(Z), on the other hand, which is some-
times called the spin current, has no counterpart in the
Schrédinger casae,

Taking the positive energy part of a Dirac wave packet with
a4 gaussian (II.1l)

- ol
v (X,t) = [a3F/(2n)3/2 ATE £ bip,s) eiP XX /2xo2 (11.7)
ts

and writing the vector part of the current we have
T = {a%Ffa35 (w'/EE)1/2 (x93/803/2) 1/(mem’)

exp (-4(E'-B)t - (P-P')2 x92/4] T  Db"(p’',s') bip,s)
is, s’

u(p’.8') [(P+p' 141 8" vo(E'-E) -1 T A (B'-P}] u(p,s) (II.8)

Eq. (II.B) makes quite clear the origin of 3,{2). This
term disappears in the "free" particles case (leptons) when exact
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three-momentum conservation is restored. This is quite obvious
from aq. {II1.8)1 in the "free" cane {xg + =),

(xg3n?/2 axp (B-$12 x92/4 + (2r)3 8(B'P) which kills 3,(2). 1In
Our case, tho deviation from exact threes-momenta consorvntion of

the produced quarks which is induced by the gaussian factor

makes the new term ju‘Z) non negligible when the width of the
distribution of b(p,s} is much broader then 1/x32 (the same kind
of analysis can be repeated for the axial vector term).

IIX. Application of the model to explicit charm decay.

We wish now to discuss how our model accomodates the data
and what new predictions it makes concerning the explicit decay
of charmed mescns.as the consequence of the enhancement of the
W.E. and W.A. contributions. These are essentially zero in
conventional models but the naw terms in eq. (II.4,5) are going
to modify the situation. As an example, consider the decay
D* + K™n*, Using eq. (II.4) we find

M= G/J2 [fy+imo-mg) <K"[Sc|D*> +
+fpe(mg-mg) <Kn*{8A|0> - (24/%92) £ <K}5Y-Rc|D*>
-(24/x9%)fpe <k~n* |3V -Xc|0> (III.1)

which illustrates how new W.E. contributions come about.

In order to perform explicit calculations, however, it is
more convenlient to resort to the customary Valence Quark Approxi-
mation(3} in the frame of the so called vacuum saturation. The
key point which distinguishes our model is the replacement of the
four-momentum transfer by the sum of the foummomenta of the
quarks produced in the weak interaction

-ifp P¥ + -Lfp(piM+pa™) = <P|AM|0> (III.2)
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In (III.2) P is the pseudoscalar meson which produces or s
produced by the quarks p; and p; according to whether we are
looking at the W.E. or the W.R. contribution in the decay

P p1+p2 - Pl"'Pz (III.3)

Eq. (III.2) is to be contracted with the hadronic vector
current contribution

<Py |VyiP> = £.(q2) (P +Pyy) + f-(qzﬂPlu-PZu) (III.4)

in which £, and £_ are form factors (among which f. is credited
to be very small); P; and P, are the four vectors of the final
mesons; q is the four-momentum transfer Qu = Py = Pyy- -

In the usual "free" quarks scheme (with sxact three momentumn
conyarvation at the quark 1avel'3&¥3253), the standard form of
the squared matrix element is, aside from ¢olor and Cabibbo
factors,

M2 « G272 £p2 [£4.tq2)(mp 2 -mp 2 ) + £.(q%1Mp2)2  (111.5)

where gqZ = sz. Mp, mp and mp are the masses of the pseudo-
scalar mesons P, Py and P, respectively.

When the quarks produced are free only within a distance xg
and a gauasian damping (II.1) is assumed, the "exact" three-
momentum conservation given by a Dirac delta function is replaced
by a qaussiun‘lO) momentum spread of wildth xg and eq. (III.S5) is
considerably modified

iM12 = 62/2 £p2 (aMp2(£,(q2) (Py+P3) + £.(q2)(Py-Py1]2
+ b 1£4(q2) (mp 2-mp 2) + £.(q2)q?1%) (II1.6)

In {111.6) we have introduced
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a = -(1/wixg2) erf(xgu/v2) + (2/m)} (1/axgtuxg) exp-(xg2w?/2)
(III.7)

b= (1+41/u?xp?) erf(xgu/v2) - (2/m)¥ (2uxg/3+1/uxg) exp-(xg2ud/2)
(111.8)

where erf(z) is the usual error function whose asymptotic beha-
vior is

erf(z) -+ 1.
Z -+ =

w is equal to M, o ¢o E;-E; according to whether we are

analyzing a W.E. or W.R. contributiocn.
Eq. (III.8) implies

1im a=90
xo-l-

um b =1
xo - - (I11.9)

Eqs. (III.6~8) tell us that the modifications introduced by
our model are represented by: 1) the new term proportional to a
and 1i) the variations in b, When use is made of (II1.9) we see
that the conventional contribution (IXI.5) is recovered (as
expected) in the "free" quark case Xg = o, ‘

If we now use

(P1+P3)2 = 2mp 2 + 2mp 2 - Mp2
4 *
(Py-P312 = Mp2

‘Plz'Pzz) = mp 2 - mp 2
4 2
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in (IIX1.6), we find {(up, again, to colour and Cabibbo factors)
M12 « 62/2 £52 (al£,2(a?) (2mg 2+2mp 2-Mp?) Mp2et 2(qlimgd] +
+ bl£,2(q?) (mp 2-mp 2)2 + £_(q21Mpt] + 2(atb) ([f4(q?) -
£(q?)Mp2(mp, 2-mp 2)]) (111.10)

It 1is quite clear that in (III.10) the most relevant new
contributicon is the tarm £+2(qzlnp‘ which multiplies a and which
vanishes, as already mentioned, when xXg =+ .

' The fact that the new term in |H|2 (1.e. the one proportio-
nal to a 4in eq. (III.6)) sums up incoherently to the traditio-
nal one (proportional to b in eq. (IIXI.6)) is due- to the
property of the interaction in our model. This is exhibited in
eg. (IX.2) and is analyzed in detail in ref. 10.

Although 4dimplicit in all we have sald so far, the new term
proporticnal to a in eq. (III.6) is mainly responsible for the
W.E. contribution (just 1like W.R. contributes meostly to the
traditional term proportional to b). In ref. 4 one can already
find the observation that agreement with the data on D - Kn using
N.S. contributions can only be obtained if the W.E. contribution
is imaginary.

IV. Predictions and Comparison with the data.
Before proceeding to evaluating the various contributions to
the decay of a pseudoscalar charmed meson into two light

(uncharmed} pseudoscalar mesonse, it is perhaps lnstructive ¢to
examine the variations of a and b (eq. (III.6}) for various
values of z = uXy. This is shown in Table I
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TABLE 1

vVariation of & and b (egs. 7,8)) with z = wxg

L a b
0.14 -0.034 0.036
0.28 -0.024 0.026
0.5 «0.003 0.033
1 ~-0.026 0.234
1.5 -0.083 0.561
2 -0.115 0.851
2.5 -0.114 1.014
3 -0.09% 1.07

Some comments are in order: i) the function a(z) has a
mininum around z=2, i.e. exactly for that value of the gaussian
width xg(= 0.2F) which we have obtained as an estimate from the
analysis of the implicit D* and FP' decays via W.E. and W.A. (ref.
10); 11i) the W.R. contribution is strongly suppressed for small
values of z, 1.e., for small values of the energy transfer from
the charmed to the non strange meson (in the case of charged
current) or strange mescn (in the case of neutral current)}. This
was already discussed in ref. 10, '

Both previocus considerations go in the right direction. The
first enhances the W.E. contribution i.e. increases the K°n°®
width (which is suppressed in conventicnal models); the second
decreases the D* + K*n* decay as compared with D* -+ K*e*v(14),

Just like in the case of implicit decays‘lo’, the determina-
tion of xg is quite uncontroversial in what concerns the W.E.
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contribution (which is evaluated in the rest frame of the
decaying charmed meson). The inherent limitatiomof our modal
discussed at length in ref, 10 make the analysis of the W.R.
contribution more difficult to handle. For this reason, in
analogy to what done in ref. 10, we prefer to take b in eq.
(IXI.6) as a free parameter to be determined from one decay mode
(such as D* -+ K°n*) in which W.R. is the only contribution.
Furthermore, we wlll take this constant to be the same whather
the final state is K°n or n*n. In the following, we take b~ 0.5.

We also recall that color and Cabibho factors are missing
from (III.6). The latter is a cos4e for Cabibbo allowed dacay
whereas the color factors a; and a; mutiplying (III.6) are
a;] ¥ (2c4+c.)/3 and aj; = {2c,-c.)/3 according to whether it is a
charged or neutral current contribution (such as, for instance,
the W.R. contribution to D* + K*n" or to D* ~ K°n® respectively.

For the remaining parameters to be adjusted, we take
fpe « fp » 0.2 GeV as determined from implicit charm decay{(10},
Wa also take f,(qzj = 0 as it is customary and c, v 0.66,
c. « 2,3110,11,12} jeading to a; = 1.21 and a; « 0,33.

Finally, for £+(q2) wa take one of the parametrirations to
be found in the literature(3.7.,8) confining ourselves to the
“"gscalar" contribution

£,(q2,0%) = z(1-q2/mZ(D*)) (IV.1)

where z is of order unity for pure W.R. contribution.

If the usual analysis of form factors{(3} can be generalized
from the case of pure W.R. contribution to the much more
delicate case of W.E. contributionf{l4.13) e have at least to
reconaider the possible value of z. It has in fact been stressed
recantly“’ that the large number of resonances in the region
betwean 1 and 2 GeV makes it plausible that this parameter may be
significantly larger (eapeclally since many of these resonances
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ara fairly broad). A recent analysis of the pseudoscalar form
factor{7) estimates that an effective £ may be as much as ~3.7
without conflicting with PCAC. In our analysis we take z » 3 for
W.E.

For a complete discussion on this point, see ref. 16.

The detailed predictions of our model are compared with the
data (when they exist{l)) in Table II where the results of the 1/N
calculation of ref. 7,15 is also shown for comparison.
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TABLE II

The prediction our our modsl compared with the data (ref. 1) and
with the results of ref. 7,15. All values in units of 1010 g~1,

Reaction Experiment This model 1/N calculation
MOt Bt Asti0 soput e
r(D° » k™nt) 14.0 ¢ 2.0 13.9 20.1

rD° -+ K"n°) 5.5 ¢ 1.2 4.1 ‘.1

I'D° + K'n) 4.6 ¢ 2.2 5.8 2.;.

r(p°* + n*n") 0.5 ¢t 0.2 0.86 "1.4

r(o* + n*n’) <0.8 £ 0.2 0.81 --

r(p* + K°k*") 1.7 ¢ 0.4 1.1 1.9

r(p* + K°k*) 1.4 ¢ 0.5 1.4 1.9

r(p° + KK} -0.03

T(F* - n*n’) 9.0

C{F* + K*K*) 7.2

(Pt - nn*) 13.6
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When there are no entries in the column "esperiment” in Table 11,
our values are to be taken as predictions which we hope will soon
be tested.

Y. Conclusions.

The results of Table II speak for themselves. The model
gives a host of resul ts which compare quite well with the
available data. Combininq the results reported here with those of
previous annlysel(lo 11, 12), we conclude that our model, in spite
of its limitations and of its naiveté, is quite successful.
Ultimately, of course, the success (or fallure) of a theoretical
scheme can only be established from its agreement with all exis-
ting data and from its predictive power. As repeatedly emphasized
our scheme not only is in many points in agreement with the data
on both implicit and explicit charm decay as we have seen in thig
and in previous papers(10.12) pyt ja flexible and simple enough
to make specific predictions (see refs. 11,12 and Table II). A
thorough investigation of these predictions is called for.

On the theoretical aldes, some aspects of the model which we
have not been able to analyze deserve being further clarified,
especially its formal non-covariance with the limitations that
this implies. Possible remedies, briefly outlined in ref. 10 will
be investigated as well as the application of the model ¢to
other decay channels.

Note added in proof.

After completion of this paper, we have become aware of a
new result by the MARK III Collaboration (R. H. Schindler SLAC -
PUB - 4135 October 1986 to be published in High Energy Electron -
Positron Physics and W. Toki SLAC - PUB - 4153 December 1986).

This result is I'(F* + KIX*)}/T(F* » en*) = 0.44 ¢ 0.12 ¢ 0.21

which using BR(F+ - ‘I‘t+] » 4% and their -g{F"" lifetime = 3.854'(0’.6:
-0.4
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10713 5. gives I(F* = Kix*) « 4.6 1010 4-1,

Assuming a rough equality of r(r* » X3k*) and r(r* - kix*),
this would suggest an ¥* + K°K* width of about 9 - 1010 -1 which
compares very well with the prediction of our model quoted in
Table II (~ 7.2 » 1010 571), This is especially remarkable if
attention is paid to the fact that the Ft + X'k* width predicted
by the usual model (refs. 2,3) is of order unit (in 1010 g-1),
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