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The physics of hadrons containing a single heavy quark Q@ (by “heavy™, we menn

mg > Agep) is greatly simplified by going over Lo an eflerlive theory where the mass
of the heavy qnark goes Lo infinity with its four-velocity fixed' 7). For N heavy quarks,
this eflective theary hins an SU/(2N) spin-flavor symmetry group thal acts on heavy quarks
with the seme four velocity.?! 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 B-meson decays. They are expected to
play an importamt role in determining the magnitudes of the elements V,y and Vi of the
~ Cabibbo-Kohayashi-Measkawa matrix.
' The wenhest fenture of this approach lo determining |Viys| and |Vl is treating the
charm quark ns heavy. In this paper we examine a system which bears on the issue of
whether the charm quark masa is sufficiently large for the limit m, — oo to he a good
approximation.

In addition to predicting weak matrix elements, heavy quark symnietry relates the
masses and strong decay amplitudes of exciled hadrons containing a single heavy quark Q
{Rel. 13). In the Jimit g -+ oo the spin .S_'Q of the heavy quark and the spin &= S"—S'.Q of
the light degrees of freedom are separately conserved by the strong interactions; hadrons
coninining & ringle heavy quark can therefore he simultancously assigned the quantum
numbiers sg,mg, 7g, $¢,01r, and x¢, where mg = 1 and = are the parities of the heavy
quark and light degrees of freedom, respeclively. Since the dynamics of the light degrees of
freedamy are tndependent of the mass and spin of the heavy quark it is convenient, in the
limit mg —+ ~o, to classily states by s, and .. Then associated with each such state of
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the light degrees of freedom will be a degenerate donblet of hadrons with total spin prrity
" ..
23 ={s t 5) ) (H)

unless 3¢ = 0 in which case a single spin-1/2 stale is obtained. Since the state of the light
degrees of freedom is independent of the heavy quark masa, the spectrum is identical for
each heavy quark flavor, up to an oversll shift associated with the mass of the heavy quark.

Since the heavy quark flavor symmetry applies to the complele set of n-point functions
of the theory, not only mass spliltings but also all strong decay amplitudes nrising from
emission of light states like n, 1, p, wa, ele., are independent of the heavy-quark flaver'?),
For a given Ravor, becauae S’Q generater n aymmetry, the two states with apin o ¢ inust have
the saine tolal widtha. This equality belween total widths typically arises in n nonirivial
way: the two slates of a given multiplet can decay (o both states of every available imnltiplel
with distincl partial widths whose ssn must he identical. The spin symmetry predicta Lhe
ratios of these partial widths.

At the present time, only for @ = c have excited hadrons containing a single heavy
quark been observed. They are the charmed mesone D;{2460} and D,(2420). For tmesons
conteining » single heavy quark both the constituent quark model and experiment tell
us that the ground siates have s;" = 1/2° giving a7 = 07 and s7 = 17 states. In
the case Q = ¢ these are the I} and I)* mesons. The constituent quark model suggests
that the lowest-lying excited stales are likely Lo be those that correspond to the spin 1/2
constiluent antiguark having a wnil of orbital angnlar momentam, giving a7” = 1/2 and

3/2* multiplets.




Heavy quark spin symmetry predicts’®'? that the 37 = 27 siate of the 57" = 3/21
charm meson multiplet has decay amplitudes in the propertion /275 : /375 to the states
[Dr]p and [D*n|p, respectively, while its multiplet partner with 37 = 1+ decays st the
same total rate exclusively to |D*#|p. Note that in the heavy quark limit, m; — oo, Lhis
latier state does not decay to [*x|s even though this is an allowed channel. (Here the
subscript § or I} denoles the partial wave of the pion.) For the o7’ = £/2* multiplet
of chaemed mesons heavy quark symmetry predicts’®:t4) that the &7 = 1* stale decays
exclusively to |D*n|s (even thongh [D*x]|p is an allowed channel) and that its s* = 0
_.partner decays to | Dn|s with the same amplitude.

‘T'hese predictions are uotl inconsistent with existing experimental information'®!, If
oue interprets the two confirmed stales [)3{2460) and D;(2420) as members of the 2]" =
3/2* multiplet, then their mass difference is consistent with being » Aqep/m, correclion
to the limiting theory. Moreover, the D§ — D and D — D*n decays (which are
necesraridy 1-waves) have amplitudes that are in the ratio 0.8 + 0.1, which is close to
the prediction ‘/277i {Here, and in what follows, we quole amplitudes with a phaae
apace and “typical” barrier-penetration factor of {p?t+! exp(—p?/(1GeV2))|'/? removed.
This amounts to including the effects of those Aqen/m. corrections which are enhanced
in imporiance because p, the magnitude of the pion three-momentum, is not very large
compared with the D* — D mess splitting.}) The ratio of the D,(2420) — D*x and
D3(2460} -+ D'n decay amplitudes is 2.3 1 0.6. Given the substantial error, il in not
clear whether this resull is in disagreement with the nr, -+ o prediction of /5/3. The
examination of the I}y —+ D' x decny in more detail is the main purpose of this paper.

L]

While heavy quark symmetry does not relate S-wave to [)-wave decay amplitudes,
the conslituent quark model suggests that the S-wave decay ampliludes are very strong'*!.
This may explain the difficulty so [ar in secing the memnbers of the ay = 1/2¢ multiplet
whicl consequently are expected Lo have large widths. This ohservation suggests thal the
D-wave decay of 17,{2420} may be contaminated via Agep/m, cotrections by an S-wave
component. (For example, auch correctiona could mix the o7* = 3/2% and 5] = 1/2* I}
atates. Since the quark model predicts that the S-wave widths are an order of magnitude
Inrger than the D-wave widtha, even a weak mixing could produce a substantial eflect.)
To rigorously test the predictions of heavy quark symmetry, it will therefore he necessary
to sepurately determine the 1)- and 5-wave amplitudes of the decay [D,(2420) -+ D'
Heavy quark symmetry must then pass Lwa testa: the [)-wave amplitude must be correcily
related to those of the D3{2460), and the S-wave smplitude must be small compared to
other “typical” S-wave amplitudes ,e.g., the decey amplitudes for the members of the
37! = 142 nultiplet. {Note, however, that it need not be small compared with the
D, — [D*#|p decay nmplitude: a amall grapefruit can be larger than a typical apple.} it
already seems likely that the second test will be met. The total width of the 1,{2420) is
only aboul 20 MeV, and this is much smaller than typical $-wave widths (c.g., ay — {or|s,
which is the light quark analog of the D decays, has a width of ahout 350 MeV).

The Dy — D" r decay matrix element can be written, in the rest ftame of the ), as

. t i
M(Dy - D'r) = (se"“’ - ‘/;D)z'-a Y LR G 2}

In Eq. (2), Sand D = D(p/ﬂ}z are real constants cerresponding to the 5- and [}-wave
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amplilades, dsp is their relative phase, fi is & unil vector in the direction of the pion's
three momentum p, A is a momentum scale characteristic of the detnj, £ ia the polarization
vector for the I sinte, and 7 is the polarization vector for the D; state. A factor of 3/v2
and the cenlrifugel barrier factor {p/#)* have been inserted into the definition of D for
convenience (ree, e.g., Eq. (5)}. Since the polarization of the I} depends on its production
mechanism (i.e., in general it will be a mixed state), we use the density matrix {ormalism
to deacribe it. We assume that the density matrix depends only on the direction of the

D), which we cnll 2 (Rel. 17). Then

o = (L:szk )5 4 (m{—l)i‘z‘j - %Pcif'i* , 3)

where f is the probability that the D, is in a state with zero helicity (0 < fi < 1) and
-14 fi, < P <1 - f is the nel polarization of the D, with respect to Lthe direction .
Cowmbining Eqs. (2) and (3) yiclds

dr

Al (s’ ' ;D’ - ﬁsumws.,)p[('—"zfi) +(ﬂ2"_',|;.;|= L

dft 7 & e i)]

9 1 - _ . I~ 1 0 . .
s 3o [T s Dy s o]

We can derive!™! from Fq. {4) all of the results we need to determine D and 5. Several
distinet types of measurements are required beeause in addition lo the magnitudes of
5 and I, which are of immediate intereat, measuremenis Lypically will depend on the

relative phare dsp as well as the paramelers fi and P describing the density matrix. We
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can eliminate dependence on P, thereby reducing the required mumber of measurements
Lo three, by concentrating on unpolarized tates and polarization effects invalving helicity
zero D*'s (or ones longitudinally polarized with respect to 2). See Eq. (4) with# = -p
(or € = z).

We first sum over the possible polarizations of the D* {using e"ief = §7). Eq. (4)

then yields

T'=4np[D! + 57 (%)
and
9 _
dn _11121*(3[;,#!) D1+2\/§DS;M¢SD (3(0&0 1_) ) (6)
r 40 2 D+ S5 2

Here @ in the angle between the direction of the Dy and the direction of the pion (in the
D) rest frame). Note that il fr = 1/3, the distribution is isotrapic, while if fr. - 0 the
angular distribution for & pure D-wave is proportional to § - 3eoa’8. Instead of averaging
over the D' spins, we can also easily calculate from Eq. (4) the rate for D*'s with zero

helicity, s.c., with € = — . Thia gives

4 dlg D? 4 2/2DScoadsp b fo, M-l o, T
?d—n=(”[ D7y 5 (=3 )+ (Fg o] T0)

Nole that for fi = 1/3 the angular distribution is once again isotropic, while now for
fr = 0 it is propottional to 2in?8, independent of the /5 ratio. The total raie for D,

decay to zero helicity D*'s is independent of fr:

re _1 (, , [2’.* zﬁnscns_@sn]) _ (78)

VRN

7



i

Since Eqa. (6) and (7) all depend ou the snme combination [Q‘i%ﬁ'—:sg‘}'-;lm], additional
constraints are required. We therefore turn to the (P-independent) decay rate to D*'s

polarized longitudinally along z, which is

im Ay ot 2V2fL 5 Dcosdsp [ Icos?d — 1

T odn "'t sty p? 2 (8a)
R a

o e ~3. aa M-t

© ST B [fL +¥ 5 Jeos* @ — 9{ 2 Jeoa 8] .
The total decay rate to D*'s polarized longitudinally along i is
r 307 [3fL-1

iR il e (85}

The measurements (5)-(8) overdelermine D, §, $sp, and fy, so that many sirategics
can he devised for extracting the interesting amplitudes I and 5 from “'ICI'I.'I. As an exireme
example, we note that a it to the single angular distribulion in {Ba} can in principle
simultaneously determine fr, S/D, and ¢sp, eo that it nnd the total rate determine all
four parameters. A more realistic strategy might be to use the angular distribution in (7a)
to determine fy, (Rb) to determine 5§/ D, and then (5) to determine D and § separalely.
This strategy avaids ¢sp.

1t should be noted thal no sirategy based on these measurements will work il the

Dy's are produced with fi = 1/3: in this case Eqs. (6) and (8b) are independent of 5/D,

while Eqs. {7a), {(7b), and (Ba) depend only on [D—"f—"-‘gy%fl:ﬂ‘] This limilalion is -

not, however, B serious one since there are apecific production mechanisms for which the
D, 's are aligned. For exanmple, a D) produced in the decay B — D« is in & zero helicity
state, fi = 1, to conserve angular momentum. Alse, assuming factorization'! of the weak
nonleptonic decay amplitude, in B — Dyp - decay the Dy is mostly emitied with zero
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helicity. Thus, if neceasary, a seleetion of 1)4's can he made which will have fi. # 1/3
Of course in practice the optimat strategy will depend on experimental conditions aml su
must be devised by Lthose doing these mcasurements.

In this comment we have seen how, in the decay 7} - [}jr, such measurements
s the angular distribution of the pion with respect lo the Dy direction, the longitudinal
helicity of the D*, and the longitudinal polarization of the D* along the direction of the 1),
allow a delermination of the fraction of the D, width that arises from the I}y — {D7x|p
amplitude. This can be used to test a prediction based on heavy quark symumelry that
relates the Dy -+ ["x|p decay amplitude to the D-wave D; — Drand D} — D*x decay
amplitudes. Such Lests are itnportant for defining the extent to which a charm quark may
be sufficiently heavy for the predictions of heavy quark symmetry to he applicalile not only

in hadron spcctroscopy, but also in the prediction of weak matrix elements.
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