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Heavy-quark symmetry and D, (2420) =D'n. decay
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Heavy-quark symmetry relates the D-wave amplitude for D&(2420) —+D*m. to the amplitudes for the
decays D2 {2460)~D n. and Dz {2460)~De.. We discuss the extraction of the S and D partial wave

amplitudes for D, ~D m and their significance as tests of the applicability of heavy-quark symmetry for
charm quarks.

PACS number(s): 13.25.+m, 11.30.Ly, 14.40.Jz

The physics of hadrons containing a single heavy
quark Q (by "heavy, " we mean m& »AQCD) is greatly
simplified by going over to an effective theory where the
mass of the heavy quark goes to infinity with its four-
velocity fixed [1—12]. For N heavy quarks, this eff'ective
theory has an SU(2XJ spin4lavor symmetry group that
acts on heavy quarks with the same four-velocity [1,2].
The heavy-quark symmetry can be used to predict many
nonperturbative properties of hadrons containing a heavy
quark. The most important of these predictions are for
exclusive semileptonic 8-meson decays. They are expect-
ed to play an important role in determining the magni-
tudes of the elements V„b and V,b of the Cabibbo-
Kobayashi-Maskawa matrix.

The weakest feature of this approach to determining
~ V„b~

and
~ V,i, ~

is treating the charm quark as heavy. In
this paper we examine a system which bears on the issue
of whether the charm quark mass is suSciently large for
the limit I,~ 00 to be a good approximation.

In addition to predicting weak matrix elements,
heavy-quark symmetry relates the masses and strong de-
cay amplitudes of excited hadrons containing a single
heavy quark Q (Ref. [13]). In the limit m& ~ ao the spin
S& of the heavy quark and the spin St=S—

S& of the
light degrees of freedom are separately conserved by the
strong interactions; hadrons containing a single heavy
quark can therefore be simultaneously assigned the quan-
tum numbers s&, m&, m.&, sl, m&, and ~I, where m& =+1
and m& are the parities of the heavy quark and light de-
grees of freedom, respectively. Since the dynamics of the
light degrees of freedom are independent of the mass and
spin of the heavy quark it is convenient, in the limit
m& —+ ao, to classify states by sI and ~I. Then associated
with each such state of the light degrees of freedom will
be a degenerate doublet of hadrons with total spin parity

s~ =(st+—') '

unless sI=O in which case a single spin- —,
' state is ob-

tained. Since the state of the light degrees of freedom is
independent of the heavy-quark mass, the spectrum is
identical for each heavy-quark flavor, up to an overall

shift associated with the mass of the heavy quark.
Since the heavy-quark flavor symmetry applies to the

complete set of n-point functions of the theory, not only
mass splittings but also all strong decay amplitudes aris-
ing from emission of light states such as m, g,p, m~, etc.,
are independent of the heavy-quark fiavor [13]. For a
given flavor, because S& generates a symmetry, the two
states with spin s+ must have the same total widths. This
equality between total widths typically arises in a non-
trivial way: the two states of a given multiplet can decay
to both states of every available multiplet with distinct
partial widths whose sum must be identical. The spin
symmetry predicts the ratios of these partial widths.

At the present time, only for Q=c have excited had-
rons containing a single heavy quark been observed.
They are the charmed mesons D2 (2460} and D&(2420).
For mesons containing a single heavy quark both the
constituent quark model and experiment tell us that the
ground states have sI '=

—,
' giving s =0 and s+ =1

states. In the case Q =c these are the D and D' mesons.
The constituent quark model suggests that the lowest-
lying excited states are likely to be those that correspond
to the spin- —, constituent antiquark having a unit of orbit-

al angular momentum, giving sl
' =

—,
'+ and —', + multiplets.

Heavy-quark spin symmetry predicts [13,14] that the
I 3+s+ =2+ state of the sI '=

—,
'+ charm-meson multiplet has

decay amplitudes in the proportion &2/5: &3/5 to the
states [Dn]D and [D'm]D, respective. ly, while its multi-
plet partner with s =1+ decays at the same total rate
exclusively to [D*m.]D. Note that in the heavy-quark
limit m, ~ co, this latter state does not decay to [D'm. ]s
even though this is an allowed channel. (Here the sub-
script S or D denotes the partial wave of the pion}. For
the sl '=

—,
'+ multiplet of charmed mesons heavy-quark

symmetry predicts [13,14] that the s+ =1+ state decays
exclusively to [D*m)s (even thoug. h [D*vr]D is an al-
lowed channel) and that its s =0 partner decays to
[Dn. ]z with the same amplitude.

These predictions are not inconsistent with existing ex-
perimental information [15]. If one interprets the two
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confirmed states D& (2460) and D, (2420) as members of
77/

the s&
'=

—,
'+ multiplet, then their mass difference is con-

sistent with being a AQCQ/m, correction to the limiting
theory. Moreover, the Dz Dm and Dz D*~ decays
(which are necessarily D waves) have amplitudes that are
in the ratio 0.8+0. 1, which is close to the prediction
&2/3. [Here, and in what follows, we quote amplitudes
with a phase space and "typical" barrier-penetration fac-
tor of [p +'exp( —p /(1 GeV ))]'~ removed. This
amounts to including the effects of those AQc&/m,
corrections which are enhanced in importance because p,
the magnitude of the pion three-momentum, is not very
large compared with the D" Dm-ass splitting. ]. The ra-
tio of the D, (2420)~D'm and Dz (2460)~D*m. decay
amplitudes is 2.3+0.6. Given the substantial error, it is
not clear whether this result is in disagreement with the
m, ~oo prediction of &5/3. The examination of the
D, ~D*~ decay in more detail is the main purpose of
this paper.

While heavy-quark symmetry does not relate S-wave to
D-wave decay amplitudes, the constituent quark model
suggests that the S-wave decay amplitudes are very
strong [16]. This may explain the difftculty so far in see-

ing the members of the si '=
—,
'+ multiplet which conse-

quently are expected to have large widths. This observa-
tion suggests that the decay of D, (2420) may be contam-
inated via AQcp/m, corrections by an S-wave com-
ponent. (For example, such corrections could mix the

I + Ilt +
st '= —', + and sI '=

—,'+D, states. Since the quark model

predicts that the S-wave widths are an order of magni-
tude larger than the D-wave widths, even a weak mixing
could produce a substantial effect. ) To rigorously test the
predictions of heavy-quark symmetry, it will therefore be
necessary to separately determine the D- and S-wave am-
plitudes of the decay D&(2420)~D'm. Heavy-quark
symmetry must then pass two tests: the D-wave ampli-
tude must be correctly related to those of the Dz (2460),
and the S-wave amplitude must be small compared to
other "typical" S-wave amplitudes, e.g., the decay ampli-

=[Se '~ —(-,')'i'D]e'e, + —D(e* p)(e, p) .

(2)

In Eq. (2), S and D =D(p/P)~ are real constants corre-
sponding to the S- and D wave ampl-itudes, Ps& is their
relative phase, p is a unit vector in the direction of the
pion's three-momentum p, P is a momentum scale
characteristic of the decay, e is the polarization vector
for the D* state, and e, is the polarization vector for the
D& state. A factor of 3/&2 and the centrifugal barrier
factor (p/P) have been inserted into the definition of D
for convenience [see, e.g. , Eq. (5)]. Since the polarization
of the D, depends on its production mechanism (i.e., in
general it will be a mixed state), we use the density-matrix
formalism to describe it. We assume that the density rna-
trix depends only on the direction of the D&, which we
call z (Ref. [17]). Then

a L pe+
& L mph l p ~j

2 2
" 2'' (3)

where fL is the probability that the D, is in a state with
zero helicity (0 fi 1) and —I+f1 ~P~1 fL is the-
net polarization of the D, with respect to the direction z.
Combining Eqs. (2) and (3) yields

tudes for the members of the s, '=
—,
'+ multiplet. (Note,

however, that it need not be small compared with the
D, ~ [D*rr]~ decay amplitude: a small grapefruit can be
larger than a typical apple. ) It already seems likely that
the second test will be met. The total width of the
D, (2420) is only about 20 MeV, and this is much smaller
than typical S-wave widths (e.g., a, ~ [per)s, which is the
light-quark analogue of the D& decays, has a width of
about 350 MeV).

The D, ~D '~ decay matrix element can be written, in
the rest frame of the D &, as

M(Di +D "n—)

dI p 1

dQ 2
S + D —&2SD co—sP pSD

1 —f
2 2

'' 2'

+3&2 Re D[Se —
( —')' D]p

+ g) 2p
2

(4)

From Eq. (4) we can derive [18]all of the results we need to determine D and S. Several distinct types of measurements
are required because in addition to the magnitudes S and D, which are of immediate interest, measurements typically
will depend on the relative phase Ps~ as well as the parameters fr and P describing the density matrix. We can elimi-
nate the dependence on P, thereby reducing the required number of measurements, by concentrating on unpolarized
rates and polarization effects involving helicity-zero D*'s (or ones longitudinally polarized with respect to z). See Eq.
(4) with F.= —p (or E—z).

We first sum over the possible polarizations of the D * (using g,e*'ej=5'~). Equation (4) then yields

I =4vrp(D +S ) (5)
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4~ dr
I dQ 2

D +2&2DS costs~

D +S
3cos 0—1

2

Here 8 is the angle between the direction of the D, and the direction of the pion (in the D, rest frame). Note that if

fL =
—,, the distribution is isotropic, while if fi =0 the angular distribution for a pure D wave is proportional to

5 —3 cos 8. Instead of averaging over the D ' spins, we can also easily calculate from Eq. (4) the rate for D "s with zero
helicity, i.e., with e= —p. This gives

4 dI D +2+2DS cosP
1+

I dQ D +S
1 fL — 3fL —1

cos 8 (7a}

Note that for fL =
—, the angular distribution is once again isotropic, while now for fL =0 it is proportional to sin 8, in-

dependent of the D/S ratio. The total rate for D& decay to zero-helicity D "s is independent of fr .

1+
I 3

D +2&2DS costs~
D +S

(7b)

Since Eqs. (6) and (7) all depend on the same combination

D2+2V2 DS cos(()s~

additional constraints are required. We therefore turn to the (P-independent} decay rate to D 's polarized longi«dinal-
ly along z, which is

r

2t/2 f SD cosp 3 z8 —1
L+I d Q Sz+D2 2

r

7f1 —3
1+3

2(S +D }

3IL 1
cos 8—9 cos 8

2

The total decay rate to D "s polarized longitudinally
along z is

3D
5(D +S )

3fL —1

2
(Sb)

The measurements (5}-(8) overdetermine D, S, Ps~,
and fi, so that many strategies can be devised for ex-
tracting the interesting amplitudes D and S from them.
As an extreme example, we note that a fit to the single
angular distribution in (Sa) can, in principle, simultane-
ously determine fi, S/D, and Ps~, so that it and the to-
tal rate determine all four parameters. A more realistic
strategy might be to use the angular distribution in (7a} to
determine fI, (8b) to determine S/D, and then (5) to
determine D and S separately. This strategy avoids Ps~.

Et should be noted that no strategy based on these mea-
surements will work if the D, 's are produced with fl =—', .
in this case Eqs. (6) and (Sb) are independent of S/D,
while Eqs. (7a), (7b), and (Sa) depend only on

D +2&2DS cosgsz

(D+S )

This limitation is not, however, a serious one since there
are specific production mechanisms for which the D, 's

are aligned. For example, a D, produced in the decay
8~D, m. is in a zero-helicity state, fL

=1, to conserve an-

gular momentum. Also, assuming factorization [19] of
the weak nonleptonic decay amplitude, in B~D&p de-

cay the D& is mostly emitted with zero helicity. Thus, if
necessary, a selection of D&'s can be made which will
have fL A —,'. Of course in practice the optimal strategy
will depend on experimental conditions and so must be
devised by those doing these measurements.

In this paper we have seen how, in the decay
D, ~D*, m, such measurements as the angular distribu-
tion of the pion with respect to the D& direction, the lon-
gitudinal helicity of the D', and the longitudinal polar-
ization of the D' along the direction of the D&, allow a
determination of the fraction of the D, width that arises
from the D, ~[D'n. ]r amplitude. This can be used to
test a prediction based on heavy-quark symmetry that re-
lates the D, ~[D'rr]n decay amplitude to the D wave-
D2 ~Dm and D2 ~D'm. decay amplitudes. Such tests
are important for defining the extent to which a charm
quark may be suKciently heavy for the predictions of
heavy-quark symmetry to be applicable not only in had-
ron spectroscopy, but also in the prediction of weak ma-
trix elements.
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