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We suggest simple experimental tests to determine whether or not the factorization assumption is
valid for the two-body, nonleptonic decays of heavy hadrons, when both daughter hadrons are also

heavy.

I. INTRODUCTION

The nonleptonic weak decays of hadrons can drive the
most optimistic and perservering theorist to distraction.
For instance, consider the decay B®— D * 7 ~, whose ma-
trix element M is

M=(D*(p))n "~ (py)|dL*ucL,b|B°(p)) . 1)

The best that one can do is write down the most general
form that can be constructed from the kinematic variables
P1, p2, and p, and hide one’s ignorance in various form

factors. Without further input from some source, such asI

divine revelation or explicit model construction, this yields
essentially no useful information.

In the limit when all of the hadrons involved are heavy,
the recently developed heavy-quark effective theory
(HQET) [1] lessens our ignorance somewhat, by allowing
us to relate the matrix elements of some decays to others.
Nevertheless, even in this case, the amount of information
available is not overwhelming.

A popular assumption that has been used in treating
nonleptonic decays is that the amplitude for the decay fac-
torizes [2]. For our example of B— Dr, this means that
one can write

(D¥(p)r~ (p)|dL*ucL,b|B°(p)) =(D* (p)|cL*b|B°(p) Xz~ (py)|dL,u|0) 2

so that the previously unknown form factors are simply re-
lated to the pion decay constant f,, and to the form fac-
tors describing the semileptonic decay B— Dev. When
coupled with HQET, this assumption allows a myriad pre-
dictions to be made for the decays of heavy hadrons.

Two questions that have to be addressed in all this are
(1) “how good is the factorization assumption?” and (2)
“when is it valid?” Recent work by Dugan and Grinstein
[3] suggests that this assumption is a good one when the
meson produced from the virtual W in the decay of a
heavy hadron is very energetic, so that it can escape from
the surrounding hadronic matter without undergoing
significant strong interactions. This corresponds to pro-
duction of a light meson, so that factorization is indeed
valid for decays like B— Dz and Ap— A, 7.

In contrast with the formulation of [3], there is no com-
parable justification of factorization when the meson pro-
duced from the virtual W is a heavy one. Nevertheless,
this assumption has been used to describe the decays
B— DD’ and A,— A.D*’ [4-8]. Because of HQET,
a few predictions can be made for these decays, using the
nonfactorized forms of the transition amplitudes [9,10].
With factorization, similar predictions can be made, but
these can be quite different from the predictions made
without factorization.

In what follows, we compare the two sets of predictions
for these decays. In particular, we look for experimentally
testable consequences that will enable us to determine
whether or not factorization is a good assumption for the
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ldecays we consider. We point out here that the work of
Refs. [7] and [8] have assumed factorization, have per-
formed some simple tests of the assumption, and have
made predictions based on this assumption. Our approach
is somewhat different. Let us emphasize that we
specifically compare the predictions of the factorized form
of the decay amplitudes we consider with those of the non-
factorized form. We confine our attention to the two-
body nonleptonic decays of heavy hadrons, in which both
daughter hadrons are also heavy, since HQET allows us to
write down reasonably simple forms for the nonfactorized
matrix elements of such decays.

I. B—D®D™

Ina ?revious analysis [9] we described all of the decays
B— D™ D™) using the tensor

T+ =(D () D, () |ey*(1 + y5)b5y"(1 + y5)c| B(v))
= Mg"'+Nlvfvs+oivd — 3 (v vy)g""]
+S0tvy — + ")+ QWhvs — 1)
+P(v‘|‘v§'—u}'v‘z‘)+iLe“V”ﬂvlavzﬂ. 3)
We found that these decays split into three disjoint sets:

the decay B— DD is described by the form factor M, the
decays B— DD and B— D*D; are described by the
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form factors P and L, while the decay B— D*D/* de-
pends on N, S, and Q. Without factorization, all of these
form factors are independent, so not much information is
available. The only quantity that may give a clue to the
question being addressed is the ratio of widths
r(8B— DD})/T(B— D*D;), which, ignoring the less
than 0.3% difference in phase space for the two decays, is
equalto (P—L)?*/(P+L)2

In contrast with this, factorization of any sort tells us
that L =0, so the ratio in question is unity. Without fac-
torization, the ratio may have any value between 0 and oo,
the extreme values being realized when P = =% L, respec-
tively. Measurement of a value much different from unity
for this ratio of widths would therefore be an indication
that the factorization assumption is at best questionable
for these decays. Note that conservation of angular
momentum does not allow any transversely polarized vec-
tors in the decays B— DD.* and B— D*D;.

The decay B— D*D;* potentially could give some in-
formation, since one could look at the ratio of widths for
longitudinally and transversely polarized mesons. Howev-
er, the fact that there are three arbitrary form factors
describing this decay means that the prediction of the fac-
torized form of the amplitude could somehow be mim-
icked. In addition, one may examine various other ratiosI

of widths, such as I'(B— DD,)/T(B— D*D}), to see if
there are departures from the predictions of factorization.

1. Ay— A.D®)

One expects that more information may be available
from these decays for two reasons. (1) Heavy A baryons
are simpler to describe than mesons in HQET, since the
spin of the light degrees of freedom is 0. This means that
the significant Lorentz structure is simply that of the
heavy quark. (2) There is a veritable plethora of polariza-
tion variables that can be measured, each of which may
yield some information.

In the factorized form, and ignoring 1/m, effects, these
decays are described by a single form factor, and very
specific predictions for the polarization variables can be
made [6]. In addition, the ratios of widths I';/I's in
Ap— ADS* and T'(Ap— A.DS¥)/T(A.— A.D;) are easily
evaluated, provided that one assumes that the form factor
in question exhibits no pathological behavior between
g*=mp, and g>=mjs.

The work of Grinstein and Wise [10] shows that the
nonfactorized form of the matrix element for the decays
requires two independent form factors, 4 and B. In more
detail,

Ay ) — A @)Dy @) =7 (',5) 74 (1 — y5) E L yMyuto,5),
~_ )
Ay @) — A ()DXF,e)) =7 (',s") y*(1 — 75) ’2 Lo Myuo,s),
with
M=A@W-v')I+B@w-v')v (5)

being the most general form possible for the matrix M, [ is the identity matrix, and 4 and B are the same for both decays.
The various polarization variables a and y in the decay Ay— A.D;, and &;, 8,3, 83, , @', 7, and ¥’ in the decay

Ap— A.DF, are given in terms of the decays rates as

T, a0, =T — a0, [1 +a(Sa +Sy,) - p+7Sa.-Ss, + (1 — )P Sa,P-Sal,

rr=rl+s, (S/\b _SAC)'I‘;_SA('ﬁSAb' pl,

I =T[1+8,(Sx,+Sa) P+Sa,  PSa, P+ 83Sr.- px (pxSa,)],

FA,,—~A(DJ* =F/(\)b_’Aer*[1 +aSAb-ﬁ+a'S,\c-ﬁ+ }’SAc'ﬁx(f’stb)"'Y'SA,'I‘;SA,,']‘S] s
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FIG. 1. The polarization variables 8, &2, and &3 for decay

A»— A.D¥, as functions of the ratio r =B/A.
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FIG. 2. The polarization variables a, o', ¥, and ' for the de-
cay Ap— A.DJ, as functions of the ratio r =B/A.
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FIG. 3. The polarization variables a and y for the decay
Ap— A.Ds, as functions of the ratio r =B/A.

where the subscripts L and T refer to longitudinally and
transversely polarized D,* mesons, respectively. Here, Sx,
and S,, are the polarizations of the A, and A, respective-
ly, and P is a unit vector in the direction of motion of the
Ac, in the rest frame of the A,. F,(\)ba,\(ps, ry, r¥, and
I“Rb_, a.p* are the decay rates when the polarization of
neither baryon is detected.

These variables may be evaluated as functions of
r=B/A. We show these variables in Figs. 1-3, while in
Fig. 4 we show the ratios of widths I';/T'r in A, — A.D¥
and T'(Ap— A.D*)/T'(Ap— A.Dy). In these figures, the
values at » =0 would be the predictions of the factorized
form of the matrix element.

From these figures we see that there is indeed some
hope of determining whether or not factorization is at
work in these decays. In particular, if r= —2
(B= —2A), the predictions of the nonfactorized form
are consistently and markedly different from those of the
factorized form. Clearly, however, other variables of r
would require precision measurements of these variables
for any concrete conclusions to be made.

IV. CONCLUSION

It is clear from the above discussion that, barring some
major contrivance on nature’s part, it will take very pre-
cise measurements of polarization variables and ratios of
widths for us to tell whether the factorization assumption
is breaking down. For instance, for r in the range —0.5 to
0.5, (for the Ap— A.D*’ decays) deviations from the
factorized predictions are typically of the order of = 30%.
Thus, while measurements to this precision could be con-
sidered consistent with factorization, we see that signifi-
cant deviations from factorization would not be ruled out.
Experimental measurements may therefore have to be
precise to within = 5% (or less), if r is in this range, be-
fore any firm conclusions can be made.
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FIG. 4. The ratios I't/T'r for the decay A,— A D, and

I'(As— ADF)/T(Ap— Ac.Ds), as functions of the ratio
r=B/A.
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Absolute rates may also offer some clue, since with fac-
torization, and given assumptions about the behavior of
the form factors, definite predictions can be made. In con-
trast, no such predictions can be made from nonfactorized
matrix elements, since the normalizations of the form fac-
tors are unknown. This suggests that measurements of
rates much different from those quoted in Refs. [4~6]
would signal the demise of factorization.

Note, however, that we have omitted any discussion of
terms suppressed by 1/m.. Inclusion of such terms for the
nonfactorized matrix elements may introduce additional
form factors. One can hope, however, that these new
terms are sufficiently small that the leading-order analysis
we have carried out is not completely invalidated.

Some indication of this may be gleaned from detailed
analyses of decay rates for processes where factorization is
expected to be valid, such as A,— A.x and B— Dn.
Confirmation of the predictions of HQET and factoriza-
tion for these decays will give us more confidence that we,
in fact, understand the dynamics of the processes we are
considering. Then we should be able to examine the data
for decays such as Ay — A.D; and say whether or not fac-
torization is valid. Of course, considering that the A, has
not yet been confirmed [11], it will be a while before our
conjectures are seriously tested.
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