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Spectroscopy with Heavy-Quark Symmetry
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It has recently been shown that hadrons containing a single heavy quark exhibit a new Aavor-spin
symmetry of QCD. We discuss the implications of this symmetry for the masses and strong decay
widths of such hadrons.

PACS numbers: 12.40.Aa, 11.30.HV, 13.25.+m, 13.30.Eg

The c, b, and t quarks have masses which are much
greater than the QCD scale A@co. The physics of had-
rons containing one of these quarks is consequently
greatly simplified by going over to an eItective 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 W heavy quarks
Q;, i =1, . . . , N, this eA'ective theory has an SU(21V)
Aavor-spin symmetry that arises because in the efIective
theory the couplings of heavy quarks are independent of
their mass and spin; for finite mg. )&A@go, these sym-
metries become approximate ones which are broken by
effects of order Amoco/mg, and a, (mg, )/tr. The conse-
quences of these symmetries for the weak semileptonic
decays of mesons and baryons containing a single heavy
quark have been worked out. " ' These results are ex-
pected to play an important role in determining the V„b
and V,b 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 par-
ticular for strong decay widths. We show that heavy-
quark symmetry implies (1) that all of the mass split-
tings 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 ~ =st +

& (apart from possible single lines with

s =
2 ), (3) that the sum of the partial widths for a

strong transition from each state of a doublet s+ to the
states s'+. of another doublet is the same, and (4) that
the ratio of the partial widths for each partial-wave am-
plitude (to be defined below) contributing to the four
possible transitions between the doublet s+- and the dou-
blet s'+- 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 Zg, Xg multi-
plets.

In the limit mg ~ the spin of the heavy quark Sg
and the spin of the light degrees of freedom SI =—S —Sg
are separately conserved by the strong interactions; had-
rons containing a single heavy quark can therefore be
simultaneously assigned the quantum numbers sg, my,
zg, sl, mI, and n~, where zg =+ and zl 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 Q, stl, and

zg, it is convenient in the heavy-quark limit to classify
states by sl and xI. Then, associated with each such
state of the light degrees of freedom (with generic quan-
tum numbers nt) will be a degenerate doublet of hadrons
with s ~ = (st ~ —,

' ) ' built on each flavor of heavy quark

Q (unless st =0, in which case a single s = —,
' state is ob-

tained). Since the light-quark state is independent of Q,
the spectrum is identical for each Aavor up to an overall
constant mass shift associated with the heavy quark. Ex-
perimental 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/mt' 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 be-
tween flavor sectors cannot be compared with experi-
ment.

Since the heavy-quark Aavor 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 the emission of light quanta like z, g, p, zz,
etc. , are independent of heavy-quark Aavor. For a given
Aavor, because the spin Sg generates a symmetry, the
two states with spins s+ must have the same total
widths. This equality between the total widths typically
arises in a nontrivial way: The two states of a given mul-
tiplet can decay (actually or virtually) to both states of
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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]LJ„, where h is a
light hadronic system with orbital angular momentum L
with respect to Hg in a state of total angular momentum
J~, where Sp =L+Sp and Sp is the spin of h. The heavy

quark acts as a static source about which the reaction
Isl'~ si '+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

I

for the four hadronic-level processes s+ s+', s+
I I

s —', s —' s ', and s —' s '. The amplitudes for
these transitions will be of the form

A(Hg [Hgh]LJ„) —g C(J((,m( m(,s, m +ttl/ m(is, m ) C(s(,m(,'sg, m m(is, m +ttl( m()

x C(Jh ml m(, s(, m( 1st m() C (s(,m(, s(t ms m( Is, m, ),
where (s,m, ) and (s', m,') are the S and 5, quantum
numbers of Hg and Hg and the C's are Clebsch-Gordan
coeScients. Note that although this amplitude may de-
pend on L via a reduced matrix element, the Clebsch-
Gordon sum depends only on Jp. From this formula one
can directly prove the properties of the decays s+ 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 de-
grees of freedom.

For mesons with flavor quantum numbers Qq, where q
is a light quark, both the constituent quark model and
experiment tell us that the ground states have s~'=

&

giving s"—=0 and s+ =1 states which we denote by

Pg 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- & constituent quark
in an l =1 state, giving s~'= —,

'+ and 2 multiplets. At
higher masses one expects to encounter additional
negative-parity states corresponding both to 1=2 and to
radial excitations.

The quark model and experiment also tell us that the
ground-state isospin-zero baryons with Qud flavor quan-
tum numbers will have sI"'=0+, while the analogous
I =1 ground states will have si' =1+. The former gives
a single s =

2
+ state which we simply denote by Ag,

while the latter quantum numbers lead to degenerate
s = 2+ and s+ = 2+ states which we denote by Zg and

Zg, respectively. The quark model also predicts that the
lowest-lying I=O excited states of Ag will be seven
negative-parity levels (three J =

2 states, three

J = —, states, and one J = —, state) and that the
lowest-lying I=1 excited states over the Zg and Zg will

also be seven negative-parity states (once again with
three J =

2 states, three J =
2 states, and one

J =
2 state). In the constituent quark model, these

states arise from exciting one of the two light quarks into
an l=l state. When combined with the two available
light-quark spins, one can obtain in this way four sI
multiplets: two with sI = 1 and two others with
sI'=0 and 2 . The enumeration of I=O and I=1
states given above follows from considering the sym-
metries 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 among them-
selves. However, the simplest decays to detect experi-
mentally will probably be those involving the emission of
a pion in transition to one of the ground states. For such
transitions, the cumbersome formula (I) enormously
simplifies. The resulting decay amplitudes are given in
Tables I-IV. [In these tables, the final state has been
given a single subscript since Jg =L for pion emission.
In addition, the reduced amplitudes a "', P "', etc. , of
the tables are given a superscript (n/) to denote that they
depend not only on the spin sl, 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 H(t~ [Hgh]LJ„of Eq. (I). We first ob-

TABLE I. Strong decays of multiplets with si '
I — 3+ 5—
2 1 2 9 2 1

TABLE II. Strong decays of multiplets with si '
I + 3 — 5+

~ ~ ~ ~

(s(+ —,
' )"

(s( —
—,
' )"

Final state

[+ ]g(IsL(+ (/2

[Vg &]L =s(+ (/2

[Vga] L =g( —3/2

l Vg (I](.-., + (/2

Amplitude

[(s(+ —,
' )/(2s/+2)] ' a "'

[(s(+ —', )/(2s(+2)] ' 'a "'

0
(n )—a

(s(+ —,
' )"

(s( —
—,
' )"

Final state

[Vg(r] L =s( —(/2

[Vglr] L =s(+3/2

9g (I]L =s( —(/2

[Vg(I] L =s( —(/2

Amplitude

(n()

0
[(2s(+ 1)/4s/] ' 'P "'

[(2s( —1)/4s(] ' 'P
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TABLE I II. Strong decays of multiplets with sI '

=0+,1,2+, . . . ; for the case sI' =0+ the only —,
' + state exists

and it can only decay to [Z*lr)P.

TA BLE IV. Strong decays of multiplets with sl '

=0,1+,2,. . . ; for the case sI'=0 only the 2 state exists
and it is forbidden to decay to Zz and X,*z.

(s(+ —,
' )"

(s( —
—,
' )"

Final state

[AgK)L =s(+ I

[zgn']L =,+(
[Zg X]L =s( —

I

[zglr]L =., +(
[Ag lr] L =s( —

(

[Zglr) L =s( —
(

[Zglr) L =s( —
1

[Zg(r) L =s(+ (

Amplitude

0
[(2s(+ I )/3(s(+ 1)]'( 8+'

(n()

[(»+2)/3(»+1)) '"~ "'

0
[(2s(+ 1)/3s(] '"t1 "'

—[(s( —1)/3s(] '"8 "'
(nl )—6+

(s(+ —,
' )"

(s( —
—,
' )"

Final state

[Aglr]L =,,
[zg(r]L =,,
[zg (r]L =,,
[Zg(r) L =s(+2
[Aglr) L =,,
[zg(r]L =,,
[zg(r]L =,, -2
[zg(r](. =,,

Amplitude

(n

[s(/3(s(+ 1)] '(280"(

f(2s(+3)/3(s(+1)] ' 280 '

0
(nl )

[(s(+ 1)/3s(] '(2tio"(

0
[(2s( —1)/3s(] '(2tio '

serve that analogous tables apply for the emission of any
pseudoscalar system, and that the same tables, with
sI' si ', apply for the emission of scalar systems.
Next, we note that the emission of h with spin and in-
trinsic parity sy,

" and orbital angular momentum I.
creates a state with parity ( —1) lr(, . It therefore has
the same angular momentum and parity quantum num-
bers as either a pseudoscalar or scalar meson with
L =J(„and by Eq. (1) the same Clebsch-Gordan sum.

As an application of these tables, consider the si' =
2

and 2+ multiplets expected to constitute the lowest-lying
excitations above the s~

' =
2 states Pg and Vg. From

Table I we see that the s+ =2+ state of the sI'= 2

multiplet has decay amplitudes in the proportions
( & ) ':( & ) ' to the states [Pglrlo and [Vglr]o, while
its rnultiplet partner with s —=1 decays at the same
total rate exclusively to [Vtilr]o. Note that this latter
state does not decay to [Vglr]s, even though this is an al-
lowed channel. In fact, from Table II we see that the
s+ =1+ state of the sI'=

2
+ multiplet decays exclusive-

ly to [Vglr]q and does not decay to [Vglr]o, its s =0+
multiplet partner decays to [Pglr]s with the same total
decay rate. These results were noted earlier by Ros-
ner, ' who obtained them by taking the mg ~ 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. ' If one interprets the two
confirmed states D2 (2460) and Di(2420) as members
of the sI'=

2 multiplet, then their mass diAerence is
consistent with being a AQcn/mg correction to the limit-
ing theory. Moreover, the D2 D~ and D2 D*~ de-
cays have matrix elements which are in the ratio
0.8+ 0.1=(—', )' . (Here and in what follows we will

always quote amplitudes with a phase-space and "typi-
cal" ' barrier-penetration factor jp

+ ' exp[ —p /
(1 GeV )]]'/ removed. ) The ratio of the D( D*lr
and D2 D z decay amplitudes is 2.3 ~0.6; especially
considering that the D& decay may be contaminated by
an S-wave admixture from I/mg corrections, agreement
with the heavy-quark symmetry limit again seems satis-
factory. (In quark-model calculations, ' the S-wave de-
cays are predicted to be very strong; this may account
for the difficulty of seeing the si' = —,

' + multiplet expect-
ed in this mass range. )

Information on charmed baryons is at this time even
more sparse than that on charmed mesons. The symme-
try predicts that the ratio of the amplitudes for Z, A, n

and Z, A, x will be unity, but this prediction must
wait the discovery of the X,*. More interesting are the
many predictions for the decays of the expected
negative-parity excited states. For example, the s+ =

2

and s —=
2 Ag states of the sI'=2 multiplet are pre-

dicted to decay purely by D waves to X,gx and Zgz with
amplitudes in the ratios

g(Ag-', -z~~):~(Ag-,'-zg~):~(Ag-', -z&~):~(A&-', -z&~) =(-,' )'":(-,' )'":(-,')'":(-,' )'".
With Tables I-IV 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 ex-
cited charmed mesons and baryons will be available from
the study of the weak decays of the large numbers of B's
and Ab's produced at e+e B factories and high-energy
hadron colliders. The spectroscopy and branching ratios
that follow from heavy-quark symmetry can be expected

L to play an important role in determining the J quantum
numbers of these heavy states, much as in the past iso-
spin symmetry played an important role in determining
the Aavor quantum numbers of light hadrons.
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