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Production, decay, and polarization of excited heavy hadrons
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We discuss the production via fragmentation of excited heavy mesons and baryons, and their subse-

quent decay. In particular, we consider the question of whether a net polarization of the initial heavy
quark may be detected, either in a polarization of the final ground state or in anisotropies in the decay
products of the excited hadron. The result hinges in part on a nonperturbative parameter which mea-

sures the net transverse alignment of the light degrees of freedom in the fragmentation process. We use

existing data on charmed mesons to extract this quantity for certain excited mesons. Using this result we

estimate the polarization retention of charm and bottom baryons.

PACS number(s): 13.87.Fh, 14.20.Mr, 14.40.Lb, 14.40.Nd

I. INTRODUCTION

It is well known that many properties of a hadron con-
taining a single heavy quark Q simplify considerably in

the large mass limit md~ac [l]. For m& &&AQcD the

light degrees of freedom become insensitive to the mass

m&, and as far as they are concerned the heavy quark
acts simply as a nonrecoiling source of color. Hyperfine
effects associated with the heavy-quark chromomagnetic
moment also decouple, and a new "heavy-quark, spin-
Aavor symmetry" emerges. There is now an extensive
literature in which this symmetry has been used to make
rigorous, model-independent predictions relating heavy
hadron spectra, weak matrix elements, and strong decay
rates. Corrections to the m&~~ limit, both radiative
and nonperturbative, have been explored in great detail
[2].

In this article we will apply the same symmetries to the
production of heavy mesons and baryons. In the limit

m& ~ ~ such a process factorizes into short-distance and
long-distance pieces. A heavy quark Q is first produced
via some high-energy interaction, perhaps as part of a
pair QQ with large relative momentum. This process, for
example, the decay of a virtual photon or Z boson, is typ-
ically calculable in perturbation theory. This perturbative
stage is finished in a time short compared to the time
scale of the nonperturbative strong interactions. Over a
longer time scale, a fragmentation process occurs which
eventually forms a physical hadron containing the heavy
quark. One might visualize this process as the splitting
of a color flux tube which joins the heavy Q to the other
colored products of the hard reaction. However one
models the fragmentation process, it occurs entirely at
length scales of order 1/A&cD, and hence involves the
redistribution of energies small compared to m&. As a
result, the velocity of Q remains unchanged once it has
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been produced, and its mass and spin, which are deter-
mined by the calculable short-distance physics, decouple
from the nonperturbative dynamics. The situation here is
entirely analogous to that of the much-explored weak de-

cays of heavy hadrons. This analogy has already been ex-
ploited in discussions of the production of ground-state
pseudoscalar and vector mesons [3].

It is tempting to generalize this philosophy directly to
the production of excited heavy meson s and heavy
baryons. For these systems, a major issue is the question
of the polarization of the heavy state along the axis of
fragmentation. We will show that when one computes
this polarization, the factorization of heavy- and light-
quark physics in the fragmentation process is not quite so
straightforward.

Two new ingredients enter the analysis. First, it is
often the case that the strict heavy-quark approximation
fails for the last stage of fragmentation in systems with c
and b quarks. We will present some examples in which
light-quark rearrangements, with rates formally indepen-
dent of m&, are slowed by phase-space or angular
momentum factors so that they become comparable to
the rate, of order (m&) ', for processes that flip the
heavy-quark spin.

The possibility to transfer angular momentum from the
heavy to the light degrees of freedom means that the final
heavy-quark polarization will depend on the polarization
of the light degrees of freedom created in the fragmenta-
tion process. This brings in the second new feature of the
analysis. Since fragmentation is a strong interaction pro-
cess which conserves parity, it cannot select a preferred
spin direction along the axis of fragmentation. However,
the strong interactions can produce the light degrees of
freedom in a way which is anisotropic about this axis, for
example, preferring states with longitudinal to those with
purely transverse polarization. We will define parameters
w. which characterize the alignment of light degrees of
freedom and spin j and show how these affect the polar-
ization of the heavy hadrons and their decay products.
The w. are new parameters of potential importance
which provide nontrivial tests of fragmentation models.

Our analysis is organized as follows: In Sec. II, we will
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give a more detailed discussion of the relative time scales
in heavy-quark fragmentation. In Sec. III, we will dis-
cuss the polarization of heavy quarks in ground-state
heavy mesons D,D ' and B,B*. This is the simplest case,
but we will see that here all polarization information is
lost in the fragmentation process. In Sec. IV, we will dis-
cuss the polarization of excited heavy rnesons. Here we
will identify reactions in which light-quark processes are
hindered below the heavy-quark spin-flip time. This
affects the dependence of the heavy-meson decay distri-
butions on the fragmentation orientation. We will deter-
mine the orientation parameter w3/2 from data on excited
charmed mesons.

In Sec. V, we will discuss the polarization of heavy
baryons. The ground-state heavy baryon is the A&, the
bound state of a heavy quark with a light diquark system
of spin zero. Using this identification and the m&~ ~
limit, Mannel and Schuler [4] and Close, Korner, Phil-
lips, and Summers [5] have argued that Ab's produced at
the Z resonance should be highly polarized. The second
of these groups also pointed out the potential for depolar-
ization when Ab's are produced by the decay of excited
baryons Xb and Xb. We will discuss this effect quantita-
tively and show that it potentially leads to significant
depolarizations in an interesting pattern. These effects
can also be seen in the study of charmed baryons. We
will show how these effects are sensitive to the basic pa-
rameters governing baryon fragmentation and decay and
suggest ways to determine these parameters experimen-
tally.

II. TIME SCALES IN
HEAVY-QUARK FRAGMENTATION

We are concerned in this paper with the dynamics of
the spin of a heavy quark produced in a fragmentation
process. To begin, we will discuss in this section the vari-
ous time scales which arise in heavy-quark fragmenta-
tion. This will provide a consistent framework for our
later analysis.

We always imagine that we begin with a heavy quark
which has been ejected at relativistic speed from a hard
reaction. We will compute time in the frame of the heavy
quark. The axis linking this frame to the center-of-mass
frame of the hard process is a preferred direction, which
we call the axis of fragmentation. We will take the 3 axis
to lie along this line, pointing in the direction of the
heavy-quark velocity.

In the rest frame of the heavy quark, the leading opera-
tor which couples to the heavy-quark spin is the color
magnetic-moment operator, whose coefficient is
suppressed by 1/m&. Thus the rate of heavy-quark spin
flip is very slow on the scale of AQcD We might imagine
the ear1y stages of fragmentation to involve the produc-
tion of highly excited mesons or baryons containing the
heavy quark, which then rapidly eject pions and decay to
lighter excited states. Throughout this process, the
heavy-quark spin retains its initial orientation. The pro-
cess continues until we reach a state whose lifetime is
comparable to the time required to flip the heavy-quark
spin.

This long-lived heavy-quark state is characterized by
two angular momenta: s =

—,', the heavy-quark spin, and

j, the spin of the light degrees of freedom. The combina-
tion gives states of total spin J=j+—,', which we will call
H and H'. The color magnetic-moment interaction pro-
duces a small mass splitting between H and K*, which
we call h. This energy splitting 5 can be identified with
the rate of heavy-quark spin-flip processes in the (H, H')
multiplet.

The states of the heavy-quark multiplet can decay ei-
ther by transitions involving the heavy or light quarks
separately or by transitions H'~H. In the former case,
H and H' have the same decay rate I . We will call the
rate of the K'~H transition y. This later decay is a
QCD or QED magnetic dipole transition. Thus it is

suppressed by two powers of I/m& from the square of
the matrix element and by further powers from the phase
space. We expect, then, that y &&h. On the other hand,
the overall decay rate I may have an arbitrary relation to
these two parameters.

To visualize the roles of the three rates 6, I, and y, it
is useful to think about the three possible extreme cases.

(I) I »b, )&y. In this case, the heavy hadrons decay
so rapidly that the color magnetic-moment interactions
of the heavy quark with the light degrees of freedom do
not have time to work. If I is a rate of a strong-
interaction decay process, then in this case the multiplet
(H, H') would belong to the early stages of fragmenta-
tion, in the sense described above, and transitions
through this multiplet would have no effect on the
heavy-quark spin dynamics. Another possibility, if the
quark mass is extremely large, is that the dominant con-
tribution to I could come from the heavy-quark weak de-
cay. In this circumstance, as long as I &&6, the weak-
interaction decay will measure a spin orientation for the
heavy quark, which is the same as that produced in the
hard process, with no depolarization by fragmentation.
This is the case which typically arises in studies of the top
quark [6]. Notice that the approximation I )&6 can be
valid even if I —

AQCD so that the heavy quark partially
hadronizes before it decays.

(2) 6» I )&y. In this case, the heavy hadron states H
and H' form distinct resonances. These resonances have
width I and are well separated from one another. The
decay products reflect the heavy-quark spin orientation
in the separate states H and H*. These two contributions
must be added incoherently; thus the heavy quark is
depolarized from its initial orientation. In Secs. IV and V
we will give examples in which this limit applies, even
though I is the rate of a strong-interaction decay pro-
cess.

(3) b )&y » I . In this case, the heavy hadrons H'
have time to make the transition to H before undergoing
a decay out of the rnultiplet. In this case, the decay prod-
ucts of the multiplet reflect only the heavy-quark spin
orientation in the state H. This leads to a substantial
(and sometimes complete) depolarization. The simplest
example of this situation arises in the production of B
and B*mesons in fragmentation; we will discuss this ex-
ample in Sec. III.

In our arguments in the next few sections, we will be-
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gin by assuming that the initial heavy quarks produced
by the hard process are completely polarized. At some
stage, though, we must go over to the realistic situation
in which they are produced with partial polarization. We
will denote the initial heavy-quark polarization by P.
Since the Z resonance provides the most accessible
source of polarized heavy quarks, and since Z decays
produce mainly left-handed quarks, we will define the po-
larization to be positive in this case. At the Z,

2 2

p =~) ='" "'
q R 2 2

gi,q+gRq

so that

(2.1)

Pb =0.94, Pc =0.67 (2.2)

for sin 8~, =0.232. In the course of this paper, we will

investigate what fractions of these very large values are
actually visible to experimenters.

III. HEAVY PSEUDOSCALAR AND VECTOR MESONS

The simplest example with which to start is that in
which the light degrees of freedom have spin-parity

j =
—,
' . The constituent quark model would suggest that

such a state, consisting of a light antiquark in an S wave,
is the one of lowest energy, and in the charm and bottom
systems this has indeed been observed to be the case.
This light-quark system combines with the heavy-quark

Q to form the multiplet (H, H') consisting of a heavy
pseudoscalar meson and a heavy vector meson. The states
are split by an amount of order AQCQ /pig In the charm
system, this is the (D,D ) multiplet; for the bottom, it is
the (B,B") system. In the following discussion, we will
refer to the spin of the light degrees of the freedom loose-
ly as the "spin of the antiquark. "

In the charm case, most of the parameters of this sys-
tem are well determined. The D-D* splitting 6 is ap-
proximately 140 MeV. Although 6& m and the strong
decay D *~De.occurs, it is so suppressed by phase space
that as yet there is only an upper limit on the intradouble
transition width, y &1.1 MeV for D', &2 MeV for
D*+. However, quark model estimates lead one to be-
lieve that y should be no more than an order of magni-
tude smaller than this upper bound. Finally, since the D
meson can only decay weakly, its width I is extremely
small, of the order of 10 ' MeV. Hence we are safely
within the region h)&y )&I discussed above. A similar
picture applies for the bottom mesons. Here 5=46
MeV. Because the strong decay 8*~Be.is prohibited,
the transition must occur electromagnetically. The width

y for B*~Bymay be estimated from the upper limit on
D*~D~ and the branching ratio for D*~Dy; we find
an approximate value y -0.01 MeV. The rnultiplet width
I is again due to a weak decay and so is many orders of
magnitude smaller. In both cases, we are in the situation
of case 3 described in Sec. II. For concreteness, we will
refer to the bottom system in the following discussion.

We begin with the case in which the initial b quark is
completely polarized in the left-handed direction. We
would like to investigate whether any information on the

with equal probability. Notice that the second state in
(3.1) is a linear combination of a B and a B" meson. The
two components of this state propagate coherently up to
a time 6 ' and then go out of phase with one another.
Since, in this example, h»y » I, the 8 and 8' corn-
ponents become completely incoherent before any decay
occurs. This gives rise to the following table of probabili-
ties for the occupation of the various possible helicity
states:

p(B",h)

p(B,h)

'1 1 0
(3.2)

The helicity of the 8 runs across the table from negative
to positive values; for example, the table assigns the state
B'(h = —1) the probability —,'.

At a time y ', the 8* mesons decay electromagneti-
cally to 8's. After this point, the 8's will contain no po-
larization information, since the 8 meson has spin zero.
Thus the polarization information can only be encoded in
the photons emitted in the decay.

The decay 8*~By proceeds primarily through the
light-quark magnetic-moment operator

eq C7q '8
2@i

q

(3.3)

since the b magnetic moment is suppressed by 1/mb. Let
0 be the angle between the photon momentum and the
fragmentation axis in the 8* rest frame. Then the
difFerential partial widths dy/d cos6 for the various 8*
helicity states are proportional to

B*(+1): —,'(1+cos 8),
B*(0): sin 8 .

(3.4)

Multiplying these rates by the probabilities for producing
the helicity states B"(+1}and B'(0},we find that the to-
tal distribution is proportional to

—,'(1+cos 8)+—,
' sin 8= —,

' . (3.5)

Hence the photons are emitted isotropically, and their
angular distribution gives no polarization information.
The emitted photons are preferentially polarized left-

initial b polarization can be recovered experimentally.
The fragmentation process leads to a heavy meson in
which the b is combined with an antiquark (more careful-

ly, with light degrees of freedom with j=
—,'). We may as-

sume that the fragmentation process occurs so rapidly
that the color magnetic forces do not have time to act;
thus the spin of the antiquark is uncorrelated from the
spin of the b. In this case, there are only two choices for
the spin orientation of the antiquark: j =+—,'; we must

sum over these possibilities incoherently. Since the frag-
mentation process conserves parity, the antiquark spin
cannot be preferentially aligned in one direction along the
axis of fragmentation; thus the two choices occur with
equal probability. Hence the result of fragmentation is to
produce meson states with the quark and antiquark spins

(3.1)
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handed, but this polarization cannot be observed by a
standard high-energy particle detector. We conclude that
the polarization of the b quark is unobservable in frag-
mentation to B and B rnesons.

This is our first example of a "no-win" theorem, to
which we shall return. Under most conditions, the angu-
lar distribution of decay products gives no information
on the polarization of the heavy quark. In reaching this
conclusion, we do not assume that the heavy-quark spin
is decoupled from the decay process. In this example, the
heavy-quark spin couples to the light antiquark, giving it
a net polarization —,

' on a time scale of order 6 '. How-
ever, the strong and electromagnetic interactions respon-
sible for the decay conserve parity and thus cannot be
sensitive to the direction of the heavy-quark spin. Thus
the angular distribution of the decay products is the same
as it would be if we averaged over the two possible direc-
tions of the heavy-quark spin. There is one amusing ex-
ception to this rule, which we will discuss in Sec. IV.

As a footnote to this section, we. comment on the valid-
ity of the helicity distributions (3.2) for the charmed
rnesons. The heavy-quark limit predicts that, when we
average over the direction of the heavy-quark spin, we re-
cover the naive spin-counting predictions that the D and
D' mesons are produced in a 1:3 ratio, and that the D *

mesons are unpolarized. The latter result is confirmed by
a CLEO measurement [7] which finds only a few percent
longitudinal polarization in D*'s produced directly from
e+e annihilation. However, many groups have rnea-
sured the ratio Pz=(D')/(D+D'), which spin count-
ing predicts to be 0.75, and find a substantially smaller
number [10]:

Py=0. 65+0.06 . (3.6)

Such a value would not be unexpected in a thermo-
dynamic model of particle production in which the
higher-mass states are suppressed by a factor

exp[ —hm /T~ ], (3.7)

where hm is the D'-D mass difference and Tz is a ha-
dronic "temperature, " which should be expected to be
about 300 MeV. Indeed, the central value of (3.6) is
reproduced by setting T&=280 MeV. Notice that the
suppression factor (3.7) does formally tend to 1 in the
heavy-quark limit in which members of the same heavy-
quark multiplet become degenerate. However, for the
charmed mesons, it gives almost a factor 2 suppression.
The correction results from the fact that the excited
charm states which decay to D and D* have widths
which are comparable to the D*-D mass difference, and
so can resolve these two states and prefer the lighter D.
This is a first example of the competition between decay
rates and mass splittings which we will discuss quantita-
tively in the later sections of this paper.

In the examples discussed later in this paper, we will
continue to ignore the thermodynamic factor (3.7) in the
initial probability distributions of heavy mesons. In those
later examples, this assumption will be justified by the
fact that the states which decay to the (H, H') multiplet

in those cases typically have widths much larger than the
H-H* mass splitting.

IV. EXCITED HEAVY MESONS

We now turn to the more complicated case of heavy
mesons in which the light degrees of freedom are in an
excited state. We will focus on the charm system, and, in
particular, on the observed excited charmed mesons

D, (2420) and Dz (2460). We will discuss the decay dis-

tributions of these states from the viewpoint of heavy-
quark symmetry.

In the quark model, the lowest-energy excited states of
the D and D' mesons should be states in which the light
antiquark has one unit of orbital angular momentum. By
coupling this angular momentum to the antiquark spin,
we find states in which the light degrees of freedom have

j =
—,
'+ and —,

'+. In the m, ~00 limit, the angular

momentum j is a good quantum number irrespective of
its quark-model interpretation.

It is reasonable to identify the spin-1 D, (2420) and the
spin-2 Dz (2460) as the heavy-meson multiplet (H, H')
with j =

—,
'+ [11,12]. The j =

—,
'+ doublet, consisting of

a spin-0 (Do ) and a spin-1 (D
&

) meson, has not yet been
identified. At order I/m„ there may be mixing between
the D, and the D

&
states, since they have identical quan-

tum numbers.
It is likely that the (DO, D', ) doublet has not been

found because these states have a very large decay width
to D and D'. They should decay by emitting a pion in
the S wave, a "ompletely open channel. Kaidalov and
Nogteva [13] have estimated the width I' for this multi-
plet to be several hundred MeV. On the other hand, the
mass splitting 5 should be smaller than 40 MeV, the mass
splitting of the j =

—,
' multiplet. Thus, this doublet corre-

sponds to the uninteresting case 1 of Sec. II, I »h.
The situation for the observed Di and Dz is more in-

teresting. Since the j of the light degrees of freedom
changes from —,

'+ to —,', the decay pion must be emitted
into an orbital D wave, and so the decay width is
suppressed by angular momentum factors. The observed
decay width I of the two members of the doublet is about
20 MeV, while the observed splitting 6 is approximately
35 MeV [14,15]. The intradoublet transition is an elec-
tromagnetic decay, so y is much smaller than either of
these rates. In the following discussion, we will treat the
decays of D, and Dz in the limit 6)&I )&y, case 2 of
Sec. II. This is justified as a first approximation. Since
the D& and Dz peaks are well separated compared to
their width, their decays can be treated incoherently.

Because the experiments of Refs. [14] and [15] were
carried out well below the Z, the charmed quarks were
produced from e+e annihilation with no polarization.
Nevertheless, for full generality, we will begin our
analysis by assuming that the charmed quarks have com-
plete left-handed polarization. To this polarized charmed
quark, we must add the light j =—', system. This system
can be formed in one of four possible helicity states. Par-
ity invariance requires that the probability of forming a
given helicity state cannot depend on the sign of this heli-
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z ( 1 w 3/2 ) «T w 3/2 ) « (4.1)

where the helicity j of the light degrees of freedom runs
across the table from —

—,
' to —,'. The state of definite left-

handed c spin, combined with the state of the light de-
grees of freedom of definite j, produces a coherent linear
superposition of the D, and D z states of helicity
h =j' —

—,'. In a time b, ' into the fragmentation process,
the D& and D2 components of this state become in-
coherent, and it becomes appropriate to describe the orig-
inal state as a mixed state containing D, or Dz with fixed
probabilities. Following this logic, we find that the possi-
ble helicity states of D& and D2 should be populated with
the probabilities shown by

city j . However, states with different magnitudes
~j ~

can have different probabilities. For the examples dis-
cussed in this paper, we can characterize these probabili-
ties in the following way: For a system of light degrees of
freedom of spin j, let wj be the probability that fragmenta
tion leads to a state with the maximum value of ~j ~. The
parameter m takes values between 0 and 1.

In the case at hand, the various helicity states of the
light degrees of freedom appear with the probabilities

p( g «j )=( 2W3/2«2(1 w3/2)

j' j L
(2j + 1)(2J'+ 1)

2

2L+ 1 (4.3)

The notation is as in (3.2), with the values of the helicity
running from negative to positive across the table. To
find the probabilities for charmed quarks with initial po-
larization I' =0, average the probabilities of states with
equal and opposite helicities. Notice that for any value of
m3&2, and for any I', the total probabilities for producing
the spin-2 and spin-1 states are —,'and —'„respectively.

Given these probabilities, we may now compute the an-
gular distributions for the observed decays
(D&,Dz )~(D,D')+n(p) Th.e general theory of pion
transitions between heavy hadrons is due to Isgur and
Wise [11],and is reviewed in Appendix A. According to
this theory, the rate for the pion transition from a heavy
hadron with light degrees of freedom with spin j to a
heavy hadron with light degrees of freedom of spin j' de-
pends on the total spins J,J' of the initial and final had-
rons according to the factor

p(D2, h )

p(D2, h )

—',(1—w3/2) —,'(1—w3/2) —,'w3/2 0

8(1 w3/2} ~(1 w3/2) 8W3/2

(4.2)

In this equation, L is the pion orbital angular momen-
tum, the brackets denote a 6-j symbol, and p is the pion
three-momentum. For the transitions from (D, ,D2 ) to
(D,D'), L =2. The last factor in (4.3) is the kinematic
suppression factor for emitting pions of large L, which
may vary significantly over the heavy multiplets even if
their splitting is small. The purely group-theoretic factors
give [11]

I (D, Dm. ): I (D, D'n. ): I (D' Dn): I (D' D'm)=0: 1: -', : -,'. (4.4)

The kinematic factor p for these decays are

4.5: 0.90: 6.2: 1.4, (4.5)

in units of 10 GeV .
We can use these numbers to assess the experimental

validity of the heavy-quark approach to (D„D2 ) decays.
Our discussion here follows the work of Lu, Wise, and
Isgur (LWI} [16]. Assembling the factors above, one finds

I (D2 ~Dm)IND2 ~D'm)=3. 0, (4.6}

independent of charge assignments; this is in good agree-
ment with the Particle Data Group average of 2.4+0.7
for the relative rates of D2 ~D+m, D*+m [8]. From.

these values and the observed D2" width of 19+7 MeV,
one predicts the total width of the D, meson to be
I'(D

&
)=5+2 MeV, which is substantially smaller than

the observed value of 20+7 MeV for the D&. LWI as-
cribed this discrepancy to a small mixing of the D, with

gp(D2, h)~ Y2q(8«$)~ (4.7)

the D', . An increment of the Do width by 10 MeV, which
would be accomplished by a mixing angle of order 0.2,
would be quite sufBcient. Such a mixing angle is not un-

reasonable, since the mixing is expected to be of order
(300 MeV/m, ). LWI proposed an experimental test of
this idea, which we will return to presently.

We now add to these results our understanding of frag-
mentation to heavy mesons. This will allow us to com-
pute the angular distributions of the D& and D2 decay
products in terms of the parameter w3&z. We begin with
the decay D2 ~De. Let 8,$ denote t.he orientation of
the pion with respect to the fragmentation axis, as mea-
sured in the D2 rest frame. The amplitude for the pro-
duction of a pion at 8,$ from a D2 meson of helicity h is

proportional to Y2t, (8,p } Thus, the comp. lete pion angu-
lar distribution should be proportional to
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where p (Dz, h) are the probabilities from (4.2). Expand-

ing and normalizing, we find

1 dI
(Dz ~De. )I d cos8

1.5

1.0

=
—,'[1+3cos 8—6w3/z(cos 8—

—,'}]. (4.8)

W3/z & 0.24, 90% C.L. (4.9)

We will now discuss the physical interpretation of this re-
sult.

Once w3/z is known, we have definite predictions for
the angular distributions of the remaining excited D
meson decays. Consider next the decay D2 ~D*m. The
amplitude for a decay from the helicity state h to the D '
state of helicity k and a pion with orientation (8,$) is
proportional to

Note that this distribution is invariant under
cos8~ —cos8, as required by parity, and thus gives no
information on the c quark polarization. This accords
with the "no-win" theorem discussed at the end of Sec.
III. The pion angular distribution is generally anisotrop-
ic but becomes isotropic for isotropic fragmentation,

w3/z p
In fact the dependence of (4 8} on w3/z is fixed

by this requirement and the requirement that the total
rate be independent of w3/2.

This angular distribution has been measured by
ARGUS [14],and so the parameter w3/z can be extracted
from experiment. The ARGUS data are shown in Fig. 1,
along with the theoretical predictions for w3/2 0 and
0.2. The ARGUS analysis found no significant popula-
tion of the extreme helicity states h =+2. This implies
that w3/2 is small. Our best fit would come at
w 3/2

—0.3, if this were meaningful ~ Assuming that

w3/2 )0, we find

0.5

0
-1.0 -0.5

I

0
cose

0.5 1.0

FIG. 1. Angular distribution of pions in the decay D2 ~D~.
The data are shown, along with theoretical predictions corre-
sponding to w3/2 0 (solid curve) and w3/p 0.2 (dashed curve).

This is a Hatter distribution then we found for the direct
decay to D. The two distributions are compared in Fig. 2
for the preferred value w3/2 0.

Additional information can be obtained if the D* is ob-
served through its pion decay to D. The amplitude for
this secondary decay is proportional to Y,k(Hz, gz}, where
the angles give the orientation of the secondary pion. The
joint angular distribution of the two pions is proportional
to

~ (Dz', h) Yz (8,$)Y&k(Hz, gz)(2m lk~2h )

(Dz ~D'm. )
dr

I d cos8
=—', [1+cos 8—2wz/z(cos 8—

—,
' )] . (4.11)

Yz (8,$)(2mlki2h ), (4.10) k = —1,0, 1

with m =h —k. Summing over D' helicities, and sum-

ming over Dz helicities with the probabilities from (4.2),
we find the following result for the pion angular distribu-
tion:

(4.12)

where, again, m =h —k. In writing (4.12), we ignore the
D' recoil, as is appropriate in the heavy-quark limit.
Simplifying this expression, we find

(Dz ~nmD)= [1+2cosHcosHz cosa cos a ——cos Hz
—cos 8 cos a9 2 2 2 2

I d COSH d cosHz d 32m

—2wz/z( —,'+2cosHcosHz cosa —
—,
' cos a cos Hz

—cos 8cos—a)], (4.13)

where

cosa =cos8 cosHz+ sin 8 sin Hz cos( Pz P)—(4.14)

is the angle between the two pions in the D* rest frame.
The integral of this expression over Hz, gz reproduces
(4.11}, and the integral over orientations with a fixed
gives the sin a distribution characteristic of the spin-2
parent [14,15]. Notice that the complete distribution
(4.13) is symmetric under cosH~ —cosH, so, again, all in-

Yz (8,$)(2m 1k~ lb ) . (4.15)

This would lead to a pion angular distribution

formation about the heavy-quark polarization is lost.
The decay D&~D*~ can be analyzed in a similar

fashion. In the ideal situation, we would ignore mixing of
the D& with the D&. Then the decay amplitude from D,
helicity h to D* helicity k would be proportional to
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0.8

However, we have argued above that the D
&

must also
have some S wave component to its decay due to mixing.
Following LWI, we modify (4. 15) to

04
Y2 (8,$)(2m 1k~ lb ) — e—'"Yoo(8,$)5(k, h) .

S
D

(4.17)

0
—1.0 —0.5 0

CO89

0.5 1.0

1 dI
(D, ~D*m }I dcos0
=—,'[1+cos 8 2w3—~~(cos 8 ,')]—. —

Curiously, this distribution is identical to (4.11).

(4.16)

FIG. 2. Angular distribution of pions from the decays
D2 ~De (solid), D~ ~D m (dashed), and D&~D*~. For D&

decays, the dashed curve denotes the ideal case of zero mixing
(and is the same as for D2 ~D n.), while the dotted curve is
computed for the more realistic situation (S/D) =2, g=0.45.
The curves assume the preferred value m3/p 0 and average
over the polarization of the final D*'s.

2

=0.45
1

4n f2 m
(4.18)

at the excitation energy of the D&. However, there is a
broad resonance in this partial wave at the D&, and its
influence will change this prediction in a manner difficult
to predict if the D', overlaps the D, [18].

The inclusion of the S-wave amplitude increases the
width of the D, by a factor [1+(S/D)2]. In our numeri-
cal examples, we will take (S/D) =2. The S-wave effect
dilutes the angular dependence of (4.16) as follows:

The parameter S/D contains the D, -D& mixing angle
and the relative magnitudes of the D

&
and D

&
decay am-

plitudes. Note that S/D can be negative. The phase r) of
the interference term is approximately equal to the
D'm I =

—,
' S-wave phase shift; we do not call it 5,&z to

avoid confusion with the Kronecker delta symbol 5(k, h }.
Extrapolating linearly from the Weinberg value [17] of
the phase shift at threshold, we would estimate

'2
1 dI, 1 3 2 4 S 2 —S

(D, ~D "n. ) = 1+cos 8+—— ——&2—cosy(1 —3cos 8)
I d cosO 1+(S/D) 8 3 D 3 D

—2w cos 8————&2—cosy(1 —3 cos 8)
1 2 —S
3 3 D

(4.19)

The corrected pion angular distribution is compared to the idealized form, and to our earlier results, in Fig. 2.
LWI suggested that the mixing parameter S/D can be measured from the properties of the joint pion angular distri-

bution in D, ~m.D ~me.D. They presented a number of useful partial distributions. But actually it is not difficult to
construct the complete joint distribution of the two pion mornenta, since it is simply proportional to

2
1 gp(D„h) g Ytk(82, gz} Y2 (8,$)(2m lk~2h ) — — e'"5(k, h)—1 S

1+(S /D) h k = —l.o. 1

(4.20)

The explicit formula for this angular distribution is

dr
(D, ~~a.D)

I d cosOd cos82dgz

1 1
1 —18 cos0 cos02 coso.'+ 3 cos o,'+ 3 cos 02+ 27 cos 0 cos a

32~ 1+(S/D)
—2w3~2( —1 —18 cosO cos82 cosa 3cos a+—3 cos 82+27 cos 8cos a)

2

+2 — [1+3cos Oz
—2w3&2(3 cos 82 —1)]

—2&2—cosy[1 —9c sOoc sOzoc s oa3cos a+3cos 82
—S 2 2

—2w3&z(
—1 —9cosOcos82 cosa+ 3 cos a+3 cos 82}]

+6+2—sinqcosa(1 —4w3&z)(3Xp p 2)PD
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The invariant in the last line is the triple product of the
fragmentation axis with the directions of the two pion
momenta. We have multiplied this term by the original
charmed quark polarization P, since it is odd under re-
versal of the charmed quark spin direction. The remain-
ing terms in (4.21) are independent of P W. hen the distri-
bution (4.21) is integrated over angles with a fixed, it
gives a distribution intermediate between the pure D-
wave distribution (1+3cos2a) and the fiat distribution
expected from an S-wave decay. Unfortunately, the re-
sults on the a distribution reported in Refs. [14] and [15]
are not yet sufficiently precise to give a useful constraint
on(S/D).

The last term in (4.21) is a counterexample to the no-
win theorem, the only one that we have found in the
study of heavy meson fragmentation. It arises because
the invariant

rious effect on the angular distribution of the decay pion.
In the limit I »6, we should compute this distribution
as a decay of the j = —',

+ light antiquark configuration.

The angular distribution for this decay is proportional to

gp(-,',j') )'2 (e,p)(2~-,'j'I-', j') I',
h

(4.23}

where p( —,',j ) are the light antiquark probabilities from

(4.1}and j'3 is the helicity of the light antiquark after the
decay. Our formalism predicts that the two helicity
states j' =+—,

' are equally populated; these populations
can then be combined with the heavy b quark spin to
form B and B' mesons. For any b polarization, the pion
angular distribution follows from (4.23}. Working this
out explicitly, we find

dr (Bi,Bi -B,B'm)
I d cos8

sXp p (4.22} =—,'[1+3cos 8—6wi&2(cos 8—
—,')], (4.24)

where s is the heavy-quark spin, is parity-even and so can
appear in the angular distribution formula [19]. This in-
variant is apparently T odd, but this simply means that
the contribution of the invariant must be proportional to
an absorptive phase. In this case, the phase is g, given
approximately by (4.18). The phase is sufficiently large
that this effect might someday be used to confirm that the
c quarks emerging from the Z are predominantly left
handed.

Since the D, and D2 are prominent resonances of the
charmed mesons, it is natural that bottom mesons should
possess similar excited states. We now briefly discuss the
properties of those resonances. The splitting of the
heavy-quark multiplet should decrease by a factor
(rnblm, )-3 as we go from the charm to the bottom sys-
tem, while the decay rates remain roughly constant, up to
angular momentum factors. Thus, we expect that the bot-
tom mesons should have a set of resonances located about
530 MeV above the centroid of the (B,B') system. These
resonances should have widths of 20 MeV and a splitting
of 10 MeV. The added width due to B&-B

&
mixing should

be down by a factor (m, /mb) from the charm case; thus
we can ignore this effect here. Note that the change to b
quarks interchanges the relation of I' and b, that we had
for charm.

Since the bottom system has r & 5, the two peaks asso-
ciated with the initial B& and Bz should be merged.
However, since the B-B splitting is 46 MeV, the
separate decays to B and B' should be resolved. Thus, we
would expect that, when B mesons are produced in frag-
mentation, one should see two peaks in the pion energy
distribution in the B meson frame, corresponding to pion
energies of about 520 and 565 MeV, each peak having a
width of about 20 MeV. The relative populations of the
two peaks should be 2:1 in favor of the lower-energy tran-
sition (B„Bz) +B', the 3:1 ra—tio from spin counting is
partially balanced by a 1.5:1 ratio of the kinematic fac-
tors p . This experiment would allow both the discovery
of the (B„Bz) multiplet and a nontrivial confirmation of
the B-B*mass splitting.

The fact that the B
&

and B2 decay coherently has a cu-

with the same distribution for the decay to B and B'.
This distribution is identical to (4.8), and that is easy to
understand: We can think of the decay amplitude to B as
a coherent sum of the decay amplitudes from B& and B2
to B; however, the amplitude for B,~Be is zero, and so
we revert to the earlier case. However, the relation of
(4.24} to (4.11) and (4.16}is quite surprising. Naively, we
might have expected the distribution in this case to be an
average of (4.11) and (4.16}(which are actually identical}.
However, we find instead a sharper angular distribution,
as the result of the coherent superposition of the two de-
cay amplitudes. The difference between (4.24} and (4.11},
(4.16} reffects the loss of information on the spin of the
light degrees of freedom which occurs when the heavy-
quark spin becomes involved in the dynamics. By observ-
ing this transition from the charm to the bottom system,
we would effectively be timing the heavy-quark spin flip.

It should be noted that the calculation we have done
applies to the asymptotic case I »h. For I and 5 of the
same order of magnitude, a more complicated formula is
required. We give this formula in Appendix B.

We close this section with some speculations on the
meaning of the result w3/2 0. We have learned, in
effect, that when a light spin- —', object forms in heavy-

quark fragmentation, its angular momentum prefers to
align transverse to, rather than along, the fragmentation
axis. This is a striking result, and we have not been able
to find an explanation for it. In models of string fragmen-
tation, the physical degrees of freedom of the string are
transverse oscillations, and so the orbital angular momen-
tum would tend to point along the string direction, that
is, along the fragmentation axis. Perturbative quark evo-
lution by the Altarelli-Parisi equations can produce
correlations between quark helicity and orbital angular
momentum. For example, a polarized quark preferential-
ly emits a gluon with the same helicity and opposite or-
bital angular momentum. Some, but not all, of this angu-
lar momentum can accompany an antiquark produced
from the gluon. Neither viewpoint seems to lead to a
crisp explanation of the phenomenon. In any event, this
result on w3/2, and related results for other values of w.
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that will be found in the near future, provide information
on the process of fragmentation from a new perspective.
Thus, they should provide incisive tests for proposed
schemes of hadronization.

V. POLARIZATION OF HEAVY BARYONS

We will now carry over the insight we have gained
from the study of heavy mesons to the phenomenology of
heavy baryons. For heavy mesons, we saw that the "no-
win" theorem prohibits any visible effects of an initial
heavy-quark polarization, except under the special condi-
tions described below (4.22). However, for heavy
baryons, the situation is very different. The ground-state
heavy baryon is built from a heavy quark combined with
a j =0 combination of two light quarks. Since this sys-
tern has no angular momentum to transfer to the heavy
quark, the initial polarization cannot be diluted. Mannel
and Schuler [4] and Close, Korner, Phillips, and Sum-
mers [5] have used this argument to conclude that the
ground state b baryons produced in Z decays will retain
the initial high polarization P of the b quark. In this sec-
tion, we will compute the first correction to this argu-
ment and find the depolarization of the b quark in this
scheme of fragmentation. In the process, we will explore
the polarization dependence of excited heavy baryon de-
cays and find some further reactions which are sensitive
to the competition between the decay and the spin split-
ting of a heavy-quark multiplet.

To begin, we review some basic properties of b
baryons. Baryons are expected about 5% of the time in b
fragmentation [20], so that about 10% of bb events or 2%
of Z hadronic events will contain baryons. In the nonre-
lativistic quark model, the lightest heavy baryons consist
of a heavy quark together with a light-quark pair with
zero orbital angular momentum. This pair can be either
a ud system with isospin and spin I =S =0 or a uu, ud,
or dd system with I =S =1. (We ignore strange heavy
baryons. ) In the heavy-quark eff'ective theory, the lig'ht-

est baryons should be formed from states of the light de-
grees of freedom with these quantum numbers. We will
refer to such states as "diquarks" even when we do not
assume that the quark model describes them accurately.
By combining the s =

—,
' b quark with the diquarks of

j =0+ and 1+, we form the Ab baryon and the (Xb, Xb )

baryon multiplet. We will treat these three sets of states
as the final states of the rapid phase of b fragmentation to
baryons.

Even if we ignore the coupling of the b-quark spin, as
is appropriate to the heavy-quark approximation, the rel-
ative probabilities of finding these states in b fragmenta-
tion is still governed by two unknown parameters. The
first of these, which we will call A, is the relative proba-
bility of producing an I =S= 1 diquark as opposed to an
I =S=0 diquark. This is the ratio of the total (Xb, X„*)
production to primary Ab production, summed over the
9 possible spin and isospin states of the I =S=1 multi-
plet. The second of these is the parameter w„which
gives the probability that the spin-1 diquark has max-
imum angular momentum j =+1 along the fragmenta-
tion axis. The parameter A is related, but not identical,

to a parameter of the Lund fragmentation model, which
gives the relative probability of a spin-1 or a spin-0 di-
quark appearing when the color string breaks:
A =9XPAR(4) [21]. An important difFerence is that our
parameter A is an output, rather than an input, of the
fragmentation scheme, so that it is defined independently
of any model. The parameter PAR(4) is not well deter-
mined experimentally. For example, in a recent study by
the OPAL collaboration [22], this parameter could be
varied by a factor 3 from the Lund default value of 0.05
by adjusting the other parameters of the baryon decay
scheme. We know of no experimental determination of
w, . Nevertheless, it will be useful to have some definite
values of these parameters for our numerical estimates.
Motivated by the Lund default value and the results of
the previous section, we will choose

A =0.45, w] =0 (5.1)

as our reference values. With these values, about 30% of
b baryons are born initially as Xb or Xb.

We now consider the fragmentation of a b quark with
complete left-handed polarization. Given values of A and
w „the various helicity states of the b baryons are popu-
lated by fragmentation according to

P(Xb, h)

p(Xb, h)

p(Ab, h)

—,'ml A —', (1—wl )A —,'w, A 0

—,'(1 —to, ) A —,'w, A

(5.2)

The probabilities for the Xb and Xb helicity states
represent the sum over the three isospin states. The rela-
tive production rate of Xb.Xb is 1:2 independently of w, .

We next consider the mass splittings of the b baryons.
Unfortunately, in the b baryon system, only the Ab is
known [23], and the only certain piece of information on
any heavy baryon splitting is m (X, )

—m (A, )=168 MeV

[8]. The X,* has not yet been discovered. One can esti-
mate its position from the splittings of the strange
bar yon s; using quadratic mass relations, we find
m (X; )

—m (X, ) = 100 MeV; for comparison, Kwong,
Rosner, and Quigg [24] find 64 MeV for this mass
difference using linear relations. The experiments that
give the X, mass [25] would seem to exclude values of
this mass difference below 80 MeV. Using our estimates,
the centroid of the (X„X,) multiplet is located 230 MeV
above the A, . The value of this mass splitting is expected
to have only a weak dependence on the heavy-quark
mass. Thus, we expect that the Xb and Xb should lie

roughly 210 MeV and 240 MeV, respectively, above the
Ab. Both splittings are well above the threshold for
single-pion transitions to the Ab. Thus we expect that all

b baryon states will eventually decay hadronically to Ab.
The decay rate for the transitions (Xb, X„') &n+Ab-

can be estimated in the nonrelativistic quark model by us-

ing a pion-quark coupling estimated from the
Goldberger-Trieman relation. This computation has
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been done by Yan et al. [26]. They find

2
gWq

p =28 MeV

3

(5.3)

dr
(Xb, Xb ~Aha )I 0 cos8

=
—,'[cos 8——', w, (cos 8—

—,')] . (5.6)

Y, (8,$)( lm —,'k Ph ), (5.4)

where 8,$ give the pion orientation with respect to the
fragmentation axis and m =h —k. The amplitude for Xb
decay is given by the analogous formula with j =

—,'.
Squaring and summing with the probabilities from (5.2},
we find the pion angular distributions

1 dI
(Xb ~Abn. ) =—,',I d cos8

dr
(Xb ~Abm).

I d cos8
=

—,'[1+3cos 8——92w&(cos 8—
—,')] . (5.5)

The first of these distributions is isotropic; the second be-
comes isotropic at w, =—', . This second distribution can
be used to determine w& experimentally. For comparison,
the pion angular distribution in the case I &&6 is

where p„ is the pion three-momentum, f =93 MeV, and

g Qq is the axial vector coupling of the constituent quark.
In the numerical estimate, we take g„=0.75 to give the
correct g~ for the nucleon. The Xb and Xb have the
same decay rate up to kinematic factors, since the decay
mechanism does not directly involve the heavy quark.

It is curious that the predicted decay rate I and mass
splitting 6 for the (Xb, Xb) multiplet are approximately
equal. This is an accident, since I is independent of the
heavy-quark mass while b, is proportional to 1/lb. We
have stressed that our estimates of 6 and I are quite un-
certain. However, if they are correct, the Xb and Xb
form two distinct resonances which thus decay in-

coherently. The two excited baryons can be observed to-
gether starting from a sample of (partially} reconstructed
Ab s by plotting the distribution of pion energies in the
Ab frame. The Xb and Xb should appear as two closely
spaced peaks on this distribution. The proper values of I
and 6 for the analysis to follow must eventually be deter-
mined experimentally by the measurement of this
double-peak structure.

If it had turned out that I ))5, the Xb and Xb baryons
could decay to Ab's without involving the heavy-quark
spin. In this limit, there would be no depolarization of
the b quark from its initial polarization P. However, our
estimates make it reasonable to consider the opposite lim-
it in which the two baryon resonances decay incoherent-
ly. After we analyze this limit in some detail, we will also
present results for intermediate values of I /h.

Now we have all the ingredients we need to compute
the properties of the excited baryon decays and the effect
of these decays on the Ab polarization. We first consider
the pion angular distributions. The amplitude for the de-
cay of a Xb of helicity h to a Ab of helicity k is propor-
tional to

The intermediate situation can be analyzed using the for-
mulas provided in Appendix B.

On the other hand, we may integrate over the pion an-
gles and look instead at the distribution of final Ab helici-
ties which result from a sample of completely left-handed
polarized b quarks. Again, we consider the extreme limit
6&&l. From Xb decay, we find

Ab(+ —,
'

) 2 —w,

Ab( —
—,
'

) 1+w,

From Xb decay, we find

Ab(+ —,
'

) 2 —w,

Ab( —
—,
' } 4+w,

(5.7)

(5.8)

Summing over all primary and secondary Ab's, we find

Ab(+-,') 2(2—w, )A

Ab( —
—,
' } 9+ A (5+2w, }

(5.9)

To return to the situation of Z decays, multiply the
corresponding polarizations by the initial b polarization P
given by (2.2). Thus, we find for the final Ab polarization
PA the values

1+(1+4w&)A/9 1+w& 1 —2w&

1+2 '
3

'
3

(5.10}

for Ab's from the full sample, from Xb decays, and from
Xb decays, respectively. Inserting the value from (5.1),
we find

PA=0. 72P, 0.33P, —0 33P ' (5.11}

with (2.2), this implies a 68% polarization in the full sam-
ple of Ab's observed in Z decay. The minus sign in the
last entry of (5.1) is not a misprint but rather a curious
prediction which would be very interesting to confirm.
We emphasize again that these predictions are valid only
if the Xb and Xb are distinct resonances and revert to the
naive prediction PA =1 P in the limit where these reso-
nances completely overlap.

The intermediate case I —b, can be treated by regard-
ing the Xb and Xb as partially overlapping resonances.
We present the formulas for this case in Appendix B. In
Fig. 3(a), we show the pion energy spectrum for decays
(Xb, Xb )~Ab+m, and the contributions to the spectrum
from each Ab helicity state, for the case I =5=30 MeV.
In Fig. 3(b), we show how the three polarizations com-
puted in (5.11)change as a function of the ratio I /h.

Since the extreme limit 6&)I is well satisfied in the
case of charmed baryons, all of the results we have ob-
tained in the preceding paragraphs should also apply to
the A„X„X,* system. We predict a polarization of 48%
for A, 's produced in Z decays. The parameter w, could
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sensitive to the competition between the rate of a hadron-
ic decay and the rate of a heavy-quark spin Hip. We have
seen that this competition can affect the angular distribu-
tions observed for the decay of heavy hadrons and the de-
gree of polarization of heavy baryons. Conversely, the
properties of heavy hadron decays can be used to mea-
sure a new set of fragmentation parameters which we
have called m, which provide nontrivial tests of schemes
of hadronization.

We have added two contributions to the study of the
observability of heavy-quark polarization as viewed from
the final state of the hadronization process. For heavy
baryons, one expects a large polarization; we have com-
puted the leading effect of fragmentation which degrades
this polarization. For heavy mesons, one generally ex-
pects no observable polarization effects, though we have
identified one particular circumstance in which a polar-
ization effect may be visible.

We look forward to further insight that will come from
experiments on the excited states of hadrons containing
heavy quarks.

W.5
0.1

I I I I I I III
0.5

I /6
5 10

FIG. 3. (a) Pion energy spectrum for decays
(Xb, Xb)~Aq+~, for the case I =6=30 MeV. The upper
curve is the total spectrum, while the lower curve is the contri-
bution from the Ab( —

2 ) helicity state. The spectrum is corn-

puted using the formula for dI /dE given in Appendix B.
(b) The polarization of the final A&'s as a function of I /b. We
show the polarization of the full sample of Ab's as well as the
separate contributions arising from Xb and Xb decays. These
subsamples are defined carefully in Appendix B.

VI. CONCLUSIONS

In this paper, we have discussed a number of phenome-
na connected to heavy hadron spectroscopy which are

well be measured at the Cornell Electron Storage Ring
(CESR) or in fixed target experiments, since the distribu-
tions (5.5) are independent of the heavy-quark polariza-
tion.

We should, finally, comment on the measurement of
the polarization of Ab baryons. Close, Korner, Phillips,
and Summers [5] and Amundson, Rosner, Worah, and
Wise [27] have proposed that the absolute magnitude of
the Ab polarization can be obtained by comparing the
lepton distribution in semileptonic b decays to the specta-
tor model, and the first set of authors have proposed ad-
ditional methods using the Ab c/A decay mode. How-
ever, it is important to note as well that the relative polar-
ization of two different samples of Ab's can be obtained
more easily by observing any parity-violating forward-
backward asymmetry with respect to the fragmentation
axis in Ab decay. For example, the forward-backward
asymmetry of A production in Ab decays should be pro-
portional to P~ and can thus be used to check the relative
magnitudes of PJ, in the three samples described in (5.10).
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APPENDIX A: ISGUR-WISE THEORY OF HADRONIC
TRANSITIONS BETWEEN HEAVY-QUARK STATES

In Ref. [11], Isgur and Wise presented the general
theory of hadronic transitions between states containing
a single heavy quark. This theory was presented in a tele-
graphic (Physical Review Letters) style, which somewhat
concealed the elegant structure of their formalism. In
this appendix, we review their theory and supply a few
additional formulas which make this basic structure more
clear. We apply these formulas in Secs. IV and V of this
paper.

An excited state of a heavy hadron may decay to a
lower-mass state containing the same heavy quark by a
strong interaction process in which light hadrons are
emitted. In the examples of this paper, the decay in-
volves the emission of a single pion; however, the general
formalism depends only on the angular momentum of the
emitted system. To leading order as the heavy-quark
mass goes to infinity, the heavy hadron does not recoil
and the heavy quark does not Hip its spin. Thus, we have
the following general structure: The initial and final
states are composed of a heavy quark with spin s =

—,',
combined with light degrees of freedom of angular
momentum j for the initial state and j' for the final state
to form heavy hadrons of total spin J and J'. The transi-
tion from j to j' involves the emission of a light hadronic
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system of angular momentum L and does not change the
heavy-quark spin. These six angular momenta form a
tetrahedron, and so the rate of the process is governed by
a Wigner 6-j symbol.

More explicitly, we assign an invariant matrix element
M as the strength of the j~L+j' transition. Then the

decay rate from any J state in the j+s heavy hadron
multiplet is given by decomposing the J state in the j +s
basis, setting the decay rate of the j state to be M times
the appropriate Clebsch-Gordan coefficient, and then
recombining the j'+s states into the J' appropriate to
the final state. Thus, the decay amplitude is given by

A(J'J'3~JJ +Lm)=M (J'J' ~j'j' ss )(Lmj'j' ~jj )(jj ss ~JJ ), (A 1)

summed over the intermediate values s,j,j ' . This is Eq. (1) of Ref. [11].This expression can be rewritten in the form
[2g)

j' j LA(J'J' ~JJ +Lm)=M' (
—1) +1+'+~(2j+ I}'~ (2J'+1)' ', (LmJ'J'3~JJ3), (A2)

involving the Wigner 6-j symbol. The dependence on
J', m, J is given by the angular momentum Clebsch-
Gordan coefficient for the overall process, as must be so.

Formula (A2) decouples the angular dependence of the
hadronic decay products from the dependence of the de-
cay amplitudes on the position J in the j +s heavy-quark
multiplet. Both aspects of this equation are thus clarified.
The angular distribution of the decay products is deter-
mined by the simple relation

A —QYJ (Q)(LmJ'J' ~JJ ), (A3)

for fixed J,J' . The total rate of hadronic decays from a
state J in the j+s multiplet depends on J through the
factor

2

(A4)

by the standard orthogonality relation. Thus, the total
decay rate is independent of J, as predicted by the physi-
cal picture of Isgur and Wise.

It is important to note, as Isgur and Wise do, that these
relations apply formally to the limit in which the heavy
hadrons in each of the j +s multiplets are essentially de-
generate. In realistic situations, there may be important
corrections to these relations coming from kinematic fac-
tors in the amplitude. For example, a decay which emits
a pion with angular momentum L has a rate proportional
to p +'. This factor may vary significantly over the
heavy quark multiplet in cases of practical interest, for
example, in the (D„D2 )~(D,D*)+m transitions con-
sidered in Sec. IV. In addition, the emission of high-
energy pions may be suppressed by form factors. Isgur
and Wise assume a suppression factor exp[ —p /
(1 GeV) ], but we omit this factor for simplicity. It gives
at most a 15% correction to re1ative decay rates. We en-
courage the reader to keep this factor in mind, however,
as contributing to the theoretical uncertainty of our
heavy-quark predictions.

On the other hand, it is a major point of this paper that

these relations also do not apply when the splitting within
a j+s multiplet is much smaller than the hadronic
widths of the heavy hadrons. The transition to this re-
gime is discussed in Sec. IV.

APPENDIX B: PARTIAL COHERENCE
OF HEAVY HADRON DECAYS

In this paper, we have mainly discussed heavy hadron
decays in the extreme limits I &)6 or 6 &&I . However,
it often happens that I and 6 are of the same order of
magnitude, and so it is useful to have a formula which in-
terpolates between these two limits. To obtain such a for-
mula, we sum coherently over the heavy hadron states H
and H' as distinct resonances. In the following discus-
sion, we will use a language in which the decay from
(H, H'} proceeds by emission of a single pion of angular
momentum L. However, similar formulas apply to any
strong interaction decay.

We consider transitions from H and H', of spin
J=jk —,', to a ground state hadron gf of spin J'. Let E
be the pion energy and let EJ be the excitation energy of
the resonance: EJ=m& —m for H, and similarly for
H*. In the heavy quark limit, H and H* have the same
width I . Assume first that the light system which leads
to H and H' has angular momentum (j,j ) with respect
to the fragmentation axis, and that the heavy-quark spin
is initially polarized left-handed. Then the amplitude for
production of the state % in association with a pion of
energy E in the angular momentum state (L,m) is

with J =j —
—,', m=J —J'. The factor AJ is the pre-

factor of the Clebsch-Gordan coefficient in (A2). Only
the ratio of the two factors AJ is important. In the two
examples analyzed here,

(B2}
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for the (D„D2 )~D*~ transition, and

A)/2 A3/2 1:+1 (B3)

For (D „Dz ), we use (4.1); for (Xb, Xb ), we use

p (I,j')=(—,'to), (1—to) ), —' to) ) (B5)

for the (Xb, X& )~Aba transition.
To find the dependence of the pion emission rate on

E, we square the amplitudes (Bl) and sum them in-

coherently with the probability distributions of the light
degrees of freedom:

(B4)

The resulting distribution of pion energies contains two
overlapping resonances; thus, there is some ambiguity in
the assignment of observed decays to one resonance or
the other. In constructing Fig. 3, we have arbitrarily di-
vided the distribution at the centroid of the (X„,Xb ) mul-

tiplet, mc = [m (X& )+2m (Xb ) ]/3. Pions with energy
less than mc —m(Ab) were assigned to the Xb sample;
those with greater energy were assigned to the Xb.

[1]E. V. Shuryak, Phys. Lett. 93B, 134 (1980); W. E. Caswell
and G. P. Lepage, ibid. 167B, 437 (1986); E. Eichten, in

Field Theory on the Lattice, Proceedings of the Interna-
tional Symposium, Seillac, France, 1987, edited by A. Bil-
loire et al. [Nucl. Phys. 8 (Proc. Suppl. ) 4, 170 (1988)];G.
P. Lepage and B. A. Thacker, ibid. , p. 199; N. Isgur and
M. B.Wise, Phys. Lett. B 232, 113 (1989).

[2] Recent reviews of this subject include B. Grinstein, in

High Energy Phenomenology, edited by R. Huerta and M.
A. Perez (World Scientific, Singapore, 1992); H. Georgi, in

Perspectives in the Standard Model, Proceedings of the
Theoretical Advanced Study Institute, Boulder, Colorado,
1991, edited by R. K. Ellis, C. T. Hill, and J. D. Lykken
(World Scientific, Singapore, 1992); M. Neubert, Phys.
Rep. (to be published).

[3] A. F. Falk and B. Grinstein, Phys. Lett. 8 249, 314 (1990);
T. Mannel, W. Roberts, and Z. Ryzak, ibid. 247, 412
(1990);T. D. Cohen and J. Milana, ibid. 306, 134 (1993).

[4] T. Mannel and G. A. Schuler, Phys. Lett. 8 279, 194
(1992).

[5] F. E. Close, J. Korner, R. J. N. Phillips, and D. J. Sum-

mers, J. Phys. 6 18, 1716 (1992).
[6] I. Bigi and H. Krasemann, Z. Phys. C 7, 127 (1981); J.

Kuhn, Acta Phys. Austr. Suppl. XXIV, 203 (1982); I. Bigi,
Y. Dokshitzer, V. Khoze, J. Kuhn, and P. Zerwas, Phys.
Lett. B 181, 157 (1986).

[7] CLEO Collaboration, Y. Kubota et al. , Phys. Rev. D 44,
593 (1991).

[8] Particle Data Group, K. Hikasa et al. , Phys. Rev. D 45,
S1 (1992).

[9] CLEO Collaboration, F. Butler et al. , Phys. Rev. Lett. 69,
2041 (1992).

[10]This value of Pr is found by combining the following ex-
perimental results: CLEO Collaboration, D. Bortoletto
et al. , Phys. Rev. D 37, 1719 (1988); ARGUS Collabora-

tion, H. Albrecht et al. , Z. Phys. C 52, 353 (1991);
ALEPH Collaboration, D. Decamp et al. , Phys. Lett. B
266, 218 (1991);VENUS Collaboration, F. Hinode et al. ,

KEK Report 92-192, 1993 (unpublished). The values of
Pv given in these papers must be corrected to a common

set of branching ratios: B{D ~K ~+)=3.65+0.21%%ui

[8]; &(D"+~D m+)=68. 1+1.6% [9]; then the various
determinations are in good agreement. We thank Sheldon
Stone for discussing these results.

[11]N. Isgur and M. B.Wise, Phys. Rev. Lett. 66, 1130(1991).
[12]A. F. Falk and M. Luke, Phys. Lett. 8 292, 119 (1992).
[13]A. B. Kaidalov and A. V. Nogteva, Yad. Fiz. 47, 505

(1988) [Sov. J. Nucl. Phys. 47, 321 (1988)].
[14] ARGUS Collaboration, H. Albrecht et al. , Phys. Lett. 8

221, 422 (1989);232, 398 (1989).
[15]CLEO Collaboration, P. Avery et al. , Phys. Rev. D 41,

774 (1990).
[16]M.-L. Lu, M. B. Wise, and N. Isgur, Phys. Rev. D 45,

1553 (1992).
[17]S. Weinberg, Phys. Rev. Lett. 17, 616 (1966).
[18]We thank Mark Wise for this observation.
[19]O. Nachtmann, Nucl. Phys. B127, 314 (1977).
[20] D. Saxon, in High Energy Electron Positron Phys-ics, edited

by A. Ali and P. Soding (World Scientific, Singapore,
1988).

[21]T. Sjostrand, Comput. Phys. Commun. 39, 347 (1986).
[22] OPAL Collaboration, P. D. Acton et al. , Phys. Lett. 8

291, 503 (1992).
[23] UA1 Collaboration, C. Albajar et al. , Phys. Lett. 8 273,

540 (1991);ALEPH Collaboration, D. Decamp et al. , ibid.
278, 209 (1992); OPAL Collaboration, P. D. Acton et al. ,
ibid. 281, 394 (1992); DELPHI Collaboration, P. Abreu
et al. , ibid. 311,379 (1993).

[24] W. Kwong, J. Rosner, and C. Quigg, Annu. Rev. Nucl.
Sci. 37, 325 (1987).

[25] ARGUS Collaboration, H. Albrecht et al. , Phys. Lett. 8
211, 489 (1988); CLEO Collaboration, T. Bowcock et al. ,
Phys. Rev. Lett. 62, 1240 (1989); Tagged Photon Colla-
boration, J. C. Anjos et al. , ibid. 62, 1721 (1989).

[26] T.-M. Yan, H.-Y. Cheng, C.-Y. Cheung, G.-L. Lin, Y. C.
Lin, and H.-L. Yu, Phys. Rev. D 46, 1148 (1992).

[27] J. F. Amundson, J. L. Rosner, M. Worah, and M. B. Wise,
Phys. Rev. D 47, 1260 (1993).

[28] A. R. Edmonds, Angular Momentum in Quantum
Mechanics (Princeton University Press, Princeton, NJ,
1957).


