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The ¢, b, and ¢ quarks have masses which are much greater than the QCD scale Agep.
The physics of hadrons containing one of these quarks is consequently greatly simplified
by going over to an effective theory constructed by taking the limit of QCD where the
masses of such heavy quarks go to infinity’ ~!!) with their four-velocities fixed. In this
limit, new symmetries of the strong interactions appear which can be used to predict many
properties of such hadrons. For N heavy quarks Q:,1 = 1,..N, this effective theory has
an SU(2N) flavor-spin symmetry that arises because in the effective theory the couplings
of heavy quarks are independent of their mass and spin; for finite mg, > Aqcp, these
symmetries become approximate ones which are broken by effects of order Agcp/mg, and
as(mg,)/m. The consequences of these symmetries for the weak semileptonic decays of
mesons and baryons containing a single heavy quark have been worked out!12-1% These
results are expected to play an important role in determining the V,; and V.3 elements of

the Cabibbo-Kobayashi-Maskawa matrix.

In this Letter we obtain some of the consequences of this symmetry for heavy quark
spectroscopy, and in particular for strong decay widths. We show that heavy quark sym-
metry implies 1) that all of the mass splittings and partial decay widths of the states of a
hadronic system containing a single heavy quark are independent of heavy quark flavor, 2)
that each spectroscopic line consists of two degenerate states with total spins s+ = s8¢ % %
(apart from possible single lines with s = 1), 3) that the sum of the partial widths for a
strong transition from each state of a doublet s4 to the states s} of another doublet is the
same, and 4) that the ratio of the partial widths for each partial wave amplitude (to be
defined below) contributing to the four possible transitions between the doublet s+ and the
doublet ¢/, is predicted by the symmetry. We also present simple formulas for these ratios
for excited meson decay to the ground state meson multiplet and for excited baryon decay

to both the Ag and to the Tg, 5% multiplets.

In the limit mg — oo the spin of the heavy quark §Q and the spin of the light degrees
of freedom S¢ = § — §Q are separately conserved by the strong interactions; hadrons con-
taining a single heavy quark can therefore be simultaneously assigned the quantum numbers
8Q,MQ,TQ, 8¢, My, and my, where mg = + and m, are the parities of the heavy quark and
of the light degrees of freedom. Since the dynamics of the light degrees of freedom are
independent of the mass of the heavy quark @, sq, and mg, it is convenient in the heavy
quark limit to classify states by s¢ and m,. Then, associated with each such state of the

light degrees of freedom (with generic quantum numbers n¢) will be a degenerate doublet
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of hadrons with s] = (s¢ + 3)™ built on each flavor of heavy quark Q (unless s, = 0, in
which case a single s = % state is obtained). Since the light quark state is independent of
@, the spectrum is identical for each flavor up to an overall constant mass shift associated
with the heavy quark. Experimental information on these spectral symmetries is for the
moment very limited. We now know that the D* — D splitting!®’ of ~ 145 MeV is reduced
to ~ 50 MeV in the B* — B multiplet'®), which is certainly consistent with the expected
1/mg approach to the heavy quark limit®’. Unfortunately, we have as yet little information
on excited charmed hadron spectroscopy; nevertheless, as we will see below, the information
available is also consistent with the expected doublet degeneracy. There is at this moment
no data on excited systems containing a b quark, so the predicted equality in the splittings

between flavor sectors cannot be compared with experiment.

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 arising from
the emission of light quanta like 7, n, p, 7w, ... are independent of heavy quark flavor.
For a given flavor, because the spin gq generates a symmetry, the two states with spins s4
must have tlie same total widths. This equality between the total widths typically arises in
a non-trivial way: the two states of a given multiplet can decay (actually or virtually) to
both states of every available multiplet with distinct partial widths (or their virtual analogs)

whose sum must be identical. The spin symmetry predicts the ratios of these partial widths.

Consider the decays Hg — [Hgh]ry,, where h is a light hadronic system with orbital
angular momentum L with respect to H'g in a state of total angular momentum Jp, where
Jy = L + §, and Sy is the spin of k. The heavy quark acts as a static source about which
the reaction s;™ — s'g""' + h occurs. Since the spin of the heavy quark decouples from the
light degrees of freedom, it is clear that each such allowed partial wave amplitude of the
light degrees of freedom will determine the amplitudes for the four hadronic level processes
sy = s’:_r', sy — .s'f_"‘, F g 3'1"‘, and s™ — '™ ", The amplitudes for these transitions

will be of the form

A(Hg — [H'ghlps,) ~ Z C(Jn,me —m' ;8 ,m, +m'y — my|s,m,)*

my,m’y

C’(.s'g,m'g;sq,m, — m¢|.s',m, + m-'g - mg)*
C(Jn,me—m'y;8' s, m'y|sg,me)

C(se,mye; 39, my — myls,my) (1)
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where (s, m,) and (s',m',) are the $? and S, quantum numbers of Hg and H'g and the (''s
are Clebsch-Gordan coefficients. Note that although this amplitude may depend on L via a
reduced matrix element, the Clebsch-Gordan sum depends only on J,. From this formula

one can directly prove the properties of the decays sz — s’ described above.

The heavy quark symmetry cannot, of course, tell us anything about the spectroscopy of
the light degrees of freedom: it can only predict relationships between heavy quark systems
involving given states of these degrees of freedom.

For mesons with flavor quantum numbers Q§, where g is a light quark, both the con-

stituent quark model and experiment tell us that the ground states have s;’ = 5 giving

s™ =0~ and s7 = 1~ states which we denote by Pq and Vg, respectively. The quark model
also tells us that the lowest-lying excited states are likely to be those which correspond to
having a spin-1 constituent quark in an £ = 1 state, giving 8" = %+ and %+ multiplets.
At higher masses one expects to encounter additional negative parity states corrsponding
to both ¢ = 2 and to radial excitations.

The quark model and experiment also tell us that the ground state isospin zero baryons
with Qud flavor quantum numbers will have s;* = 0%, while the analogous I = 1 ground

states will have s]" = 11. The former gives a single s™ = %+ state which we simply denote

by Ag, while the latter quantum numbers lead to degenerate sT = %+ and s7 = %+ states
which we denote by Lo and Ep, respectively. The quark model also predicts that the
lowest-lying I = 0 excited states of Ag will be seven negative parity levels (three JP =1
states, three JP = %' states, and one JF = -;—_ state) and that the lowest-lying / = 1
excited states over the Bg and LY will also be seven negative parity states (once again with
three J = 17 states, three JF = 37 states, and one JP = 27 state). In the constituent
quark model, these states arise from exciting one of the two light quarks into an £ =1 state.
When combined with the two available light quark spins, one can obtain in this way four
s;" multiplets: two with sj* = 1~ and two others with s;* =07 and 27. The enumeration
of I = 0 and [ = 1 states given above follows from considering the symmetries under light
quark interchange of the states that can be formed from the separate excitations of each
of the two light constituent quarks!™). At higher masses one expects to encounter further

positive parity states.

The constraints of heavy quark symmetry apply to all possible strong transitions of
these states amongst themselves. However, the simplest decays to detect experimentally will

probably he those involving the emission of a pion in transition to one of the ground states.
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For such transitions, the cumbersome formula (1) enormously simplifies. The resulting
decay amplitudes are given in Tables LIV, (In these Tables, the final state has been given
a single subscript since J, = I for pion emission. In addition, the reduced amplitudes
aln) 3 of the Tables are given a superscript (n¢) to denote that they depend not
only on the spin s;, but also on the other quantum numbers needed to uniquely specify the
initial state of the light degrees of freedom.) One notes that these amplitudes have all of the
properties described above. These Tables can actually easily be used for the general decay
Hg — [H'QhiL,, of Eq. (1). We first observe that analogous tables apply for the emission of
any pseudoscalar system, and that the same tables, with 8,0 8™, apply for the emission
of scalar systems. Next we note that the emission of A with spin and intrinsjc parity s;"
and orbital angular momentum [ creates a state with parity (=1)Emy. It therefore has the
same angular momentum and parity quantum numbers as either a pseudoscalar or scalar

meson with L = Jy, and by Eq. (1) the same Clebsch-Gordan sum.

As an application of these Tables, consider the sy' = %+ and %+ multiplets expected to
constitute the lowest-lying excitations above the s;* = %‘ states Pg and V. From Table
[ we see that the sT = 2% state of the 8, = g+ multiplet has decay amplitudes in the
proportions \/g : \/g; to the states [Por]p and [Vor|p, while its multiplet partner with
sT = 1% decays at the same total rate exclusively to [Von]p. Note that this latter state
does not decay to [Vormis, even though this is an allowed channel. In fact, from Table II we
see that the sT = 17 state of the s, = %+ multiplet decays exclusively to [Vor]s and does
not decay to [Von|p; its s7 = 0+ multiplet partner decays to [Pon}s with the same total
decay rate. These results were noted earljer by Rosner'®), who obtained them by taking the
mg — oo limit of a nonrelativistic quark model calculation. The heavy quark symmetry
allows us to see that these results are model-independent consequences of QCD in that limit.
These predictions are not inconsistent with the existing experimental information!5’. If ope
interprets the two confirmed states D3(2460) and D;(2420) as members of the s, = §+
multiplet, then their mass difference is consistent with being a Agop/mg correction to the
limiting theory. Moreover, the D3 — Drand Df — D*» decays have matrix elements which
are in the ratio 0.8 +0.1 ~ \/g (Here and in what follows we will always quote amplitudes
with a phase space and “typical”® barrjer penetration factor [p2l+!egp( ~-p2/1GeV?)[3
removed.) The ratio of the D; — D*r and D3 — D*r decay amplitudes is 2.3 + 0.6;
especially considering that the D, decay may be contaminated by an S-wave admixture from

1/mg corrections, agreement with the heavy quark symmetry limit again seems satisfactory.
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(In quark model calculations?®!, the S-wave decays are predicted to be very strong; this may

account for the difficulty of seeing the s}’ = i-+ multiplet expected in this mass range.})

Information on charmed baryons is at this time even more sparse than that on charmed
mesons. The symmetry predicts that the ratio of the amplitudes for £, — A.m and &7 —
A.m will be unity, but this prediction must await the discovery of the 7. More interesting
are the many predictions for the decays of the expected negative parity excited states. For

s —

example, the sT = 2 and sT = 27 Ag states of the s;* = 27 multiplet are predicted to

decay purely by D-waves to Egm and T with amplitudes in the ratios A{ AQ-_ — ZoT):
A(Agi™ — Zpm): A(Aod™ — Ton): A(Agd - Lom) = \/7 \/’ [ \/' With
Tables [-1V and Eq. (1), similar predictions are available for all strong decays of hadrons

containing a single heavy quark.

In the future, much more detailed information on excited charmed mesons and baryons
will be available from the study of the weak decays of the large numbers of B’s and Aj’s
produced at ete~ B factories and high energy hadron colliders. The spectroscopy and
branching ratios that follow from heavy quark symmetry can be expected to play an im-
portant role in determining the J P quantum numbers of these heavy states, much as in the
past isospin symmetry played an important role in determining the flavor quantum numbers

of light hadrons.
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Table I: strong decays of multiplets with s;* = %—, %+, ;_,—,
8" final state amplitude
+3 ;
(S£+ %)’T" [PQTF]L=”+% g_;ﬁzia{nt)
sp+2
[VQW]L=34+% Eﬁﬁia(ﬂt)
(Sf - -12-)”' [VQﬂ]Lz‘”_% 0
[VQW}L=3,+% _a(nl.)



Table II: strong decays of multiplets with 87t = %+, 7, g+,
s final state amplitude
1 T s
(8¢ + 3) Vormliey, -3 Bl
LCLIP 0

Iymy
(se—3)" [PQT’]L=,£_% ‘/2_;%15(:14)
[VQﬁ]L,:af_—} 1/—2—‘;1;—1ﬂ(ﬂtl



Table III: strong decays of multiplets with sj* = 0%, 17, 2%, ..; for the case s}’

only the 2 *

(5€+ %)'m

1
(se = 31

final state

state exists and it can only decay to [Z*w]p.

[Aem|z=s+1
[SQ“]L=31+1
[Eomlo=e -1
[25”]L=u+1
[Agm]L=s,—1
(Zomlr=s—1
[Eom]L=s,—1

[EomlL=s+1
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Table 1V: strong decays of multiplets with s}’

0=, 1+, 27, ..; for the case s;’

only the }E_ state exists and it is forbidden to decay to Lx and T*r.

(5¢ — 3)™

final state

[Agmir=,,
[ZomL=s
[BomiL=s
[E5W]L=s,+z
[AgmiL=s,
[(Eom]r=s,

[Eaﬂ-]L=J.¢ -2

[EE)"]L=M
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