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The CLEO Collaboration recently has announced the discovery of an excited charmed and strange baryon.
We estimate the expected width of this new member of theJc family. We discuss the phenomenology of the
excitedcsq andcssstates, and consider what additional charmed baryons might be observable in the future.
We point out that the final stateJcK could be an interesting new channel to examine.
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The CLEO Collaboration recently has announced the
discovery of a new excited charmed and strange baryon@1#.
The new state decays in the channelJc*

0p1, which then
goes to Jc

1p1p2. The measured mass difference is
M (Jc

1p1p2)2M (Jc
1)5349.460.761.0 MeV. The new

baryon has been identified tentatively as the strange ana-
logue of theLc

1(2625), a baryon with total spin-parityJP

5 3
2

2, because of the decay channel in which it appears. In
this paper we discuss the phenomenology of the excited
charmed and strange baryons, and estimate the expected
width of such a state. We will also explore whether, and
where, it would be fruitful to look for additional excited
charmed baryons.

The heavy quark limit, in whichmc ,mb→`, has proved
an excellent guide to charmed and bottom hadron spectros-
copy and strong decays@2–8#. In this limit, the spin and
parity quantum numbers of the light degrees of freedom in
the hadron are conserved, and it is convenient to use them to
enumerate the spectrum of states. In addition, strong decays
of excited heavy baryons are transitions solely of the light
degrees of freedom, so selection rules for these decays are
easily derived in terms of the light quantum numbers. The
spin of the heavy quark is then added to derive rules for
physical states. For light degrees of freedom with spinJl

.0, there exists a doublet of heavy hadrons of total spinJ
5Jl 6 1

2 . The two states in each doublet are nearly degener-
ate, their masses split only by a chromomagnetic interaction,
which scales asLQCD

2 /mc . Heavy quark symmetry then re-
lates the decay properties of the two members of each dou-
blet.

The lowest lying charmed baryons are listed in Table I,
along with their observed masses and postulated quantum
numbers. The separate spinsl and orbital angular momen-
tum L l of the light degrees of freedom are not well defined,
and we include them simply for guidance from the quark
model. In the last column is the dominant decay mode of the
state with those quantum numbers, if kinematically allowed.
The emission ofp’s by excited baryons is constrained by
both the JP and theJl

P of the initial and final state. For

example, the decayLc1( 1
2 )1→Lc

1p0 is allowed byJP, but

forbidden1 by Jl
P ; while Lc1( 1

2 )1→Sc*
1p0 is allowed by

Jl
P , but forbidden byJP. Heavy quark SU~2! and flavor

SU~3! symmetries may be used to relate processes involving
different members of a heavy quark doublet, or involving
states with the sameJP, but different light quark content.
With these symmetries imposed, the states fill out represen-
tations of SU~2!3SU~3!; in Table I we have three such rep-
resentations, labeled byJl

P , with Jl
P501, 11, and 12. Note

that Fermi statistics restricts the lightest doubly strangeVc

states toJl
P511.

The heavy quark and light flavor symmetries relate the
strong decays of theLc1 andJc1 states. Cho has developed
a formalism, based on heavy hadron chiral perturbation
theory, for making these relations explicit, and we refer the
reader to his paper for details@13#. ~See also the analysis of
Pirjol and Yan@14#.! The result is that there is a single in-
teraction in the Lagrangian which couples theJl

P512 dou-
blet to theJP511 doublet and ap in anS wave.~Decay via
D-wavep emission is also allowed, but it requires an opera-
tor of higher dimension which is suppressed byupW pu/4p f p .!
The Jl

P512 doublet transforms as an antitriplet under
SU~3!, and is represented as aJP5 1

2
2 field Ri and aJP

5 3
2

2 Rarita-Schwinger fieldRi
m . TheJl

P511 doublet trans-
forms as a sextet under SU~3!, and is represented as aJP

5 1
2

1 field Skl and aJP5 3
2

1 field Sm
kl . The octet of pions and

kaons appears nonlinearly in the usual axial combination
Am52]mp/(& f p)1•••, where f p'93 MeV is thep de-
cay constant. The interaction term is

h2e i jk~v•Aj
l !~ S̄klRi1 S̄kl

m Rim!1H.c., ~1!

wherevm is the four velocity of the heavy baryons andh2 is
an unknown coupling constant. This interaction is respon-

sible for the decayLc1( 1
2 )1→Sp, whose width has been

measured. ~Note that the other possible decay,

Lc1( 3
2 )1→S* p, is not kinematically allowed.! Since the
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strong decay of theLc1( 1
2 )1 occurs very close to threshold,

it is important to treat the phase space exactly in each chan-
nel.

The partial decay width in a given channel due to the
interaction~1! is given by

G~R→Sp!5C
h2

2

4p f p
2

MS

MR
Ep

2 upW pu, ~2!

whereC is a group theory factor which depends on the flavor

of the hadrons. For the decayLc1( 1
2 )1→Sp, using the

masses in Table I, we find the partial widths2

G„Lc1~ 1
2 !1→Sc

0p1
…53.922.6

11.6 MeV3h2
2 ,

G„Lc1~ 1
2 !1→Sc

1p0
…56.221.4

11.3 MeV3h2
2 ,

G„Lc1~ 1
2 !1→Sc

11p2
…53.023.0

11.7 MeV3h2
2 , ~3!

where the errors are estimated from the uncertainty in the
masses of the states. For each of these decays,C51. Assum-

ing that the width of theLc1( 1
2 )1 is saturated by these

channels, and using the measured valueG„Lc1( 1
2 )1

…

53.921.6
12.4 MeV @9#, we extracth2

250.3020.14
10.21. Given the

large errors in the measured width, the neglect of other decay
channels is not likely to be important in the determination3

of h2
2.

We may then use this result and SU~3! flavor symmetry to

predict the width of theJc1( 3
2 )1. This state can decay in

either of the channelsJc*
0p1 andJc*

1p0. We compute the

partial widths from Eq.~2!; for Jc1( 3
2 )1→Jc*

0p1, the

group theory factor isC5 1
2 , while for Jc1( 3

2 )1→Jc*
1p0,

C5 1
4 . Hence we find

G„Jc1~ 3
2 !1→Jc*

0p1
…511.9 MeV3h2

2 ,

G„Jc1~ 3
2 !1→Jc*

1p0
…56.2 MeV3h2

2 . ~4!

The branching ratios toJc*
0p1 andJc*

1p0 are predicted to
be 65% and 35%, respectively. Assuming that these two
channels saturate the decay rate, the width is then

G„Jc1~ 3
2 !1

…55.422.5
13.8 MeV. ~5!

The uncertainty in this result is dominated by the experimen-

tal error inG„Lc1( 1
2 )1

…. Corrections due to SU~3! breaking

2These expressions differ from those of Ref.@13#, due to our exact
treatment of phase space.

3The analysis of Ref.@14# includes additional effects such as the
finite width of theSc and the possibility ofD-wave decays, which
shift the central value ofh2

2 by approximately 10%. Given that the
uncertainty inh2

2 is already at the level of 50%, we prefer to neglect
these small contributions.

TABLE I. The lowest lying charmed baryons@9–12#. The spin and orbital angular momentum quantum
numberssl and L l are only defined in the quark model, and are included here for guidance. Isospin and
strangeness are denoted, respectively byI andS. The angular momentum of thep emitted in a strong decay
is indicated. For simplicity, we give estimated errors on baryon masses themselves, rather than reporting the
~more accurately measured! mass differences.

Name Mass~MeV! JP Jl
P ‘‘ sl ’’ ‘‘ L l ’’ I S Dominant Decay

Lc
1 2284.960.6 1

2
1 01 0 0 0 0 weak

Sc
0 2452.160.7 1

2
1 11 1 0 1 0 Lc

1p2(P)
Sc

1 2453.560.9 1
2

1 11 1 0 1 0 Lc
1p0(P)

Sc
11 2452.960.6 1

2
1 11 1 0 1 0 Lc

1p1(P)
Sc*

0 2517.561.6 3
2

1 11 1 0 1 0 Lc
1p2(P)

Sc*
1 ? 3

2
1 11 1 0 1 0 Lc

1p0(P)
Sc*

11 2519.461.6 3
2

1 11 1 0 1 0 Lc
1p1(P)

Lc1( 1
2 )1 2593.661.0 1

2
2 12 0 1 0 0 Scp(S)

Lc1( 3
2 )1 2626.460.9 3

2
2 12 0 1 0 0 Lc

1pp(S,P)

Jc
0 2470.361.8 1

2
1 01 0 0 1

2 21 weak

Jc
1 2465.661.4 1

2
1 01 0 0 1

2 21 weak

Jc8
0,1 ;2580~?! 1

2
1 11 1 0 1

2 21 Jcg

Jc*
0 2643.861.8 3

2
1 11 1 0 1

2 21 Jcp(P)

Jc*
1 2644.662.1 3

2
1 11 1 0 1

2 21 Jcp(P)

Jc1( 1
2 )0,1 ? 1

2
2 12 0 1 1

2 21 Jc8p(S)

Jc1( 3
2 )0 ? 3

2
2 12 0 1 1

2 21 Jc* p(S)

Jc1( 3
2 )1 2815.061.9 3

2
2 12 0 1 1

2 21 Jc* p(S)

Vc
0 270464 1

2
1 11 1 0 0 22 weak

Vc*
0 ? 3

2
1 11 1 0 0 22 Vcg
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are unlikely to be larger than these already substantial uncer-

tainties. We see that theJc1( 3
2 ) is expected to be quite nar-

row, despite decaying viaS-wave p emission. Especially
considering our neglect of 1/mc corrections, the predicted
width ~5! is reasonably consistent with the upper bound ob-

tained by CLEO,G„Jc1( 3
2 )1

…,2.4 MeV at the 90% confi-
dence level. In particular, this result supports the identifica-

tion of the new state as theJc1( 3
2 ).

By now, most of the low lying charmed baryons listed in
Table I have been discovered. Only a few more states are
needed to complete the task. The isospin partner of the

Jc1( 3
2 )1 should not prove much more difficult to find, since

it has a decay into charged pions,Jc1( 3
2 )0→Jc*

1p2

→Jc
0p1p2. However, the other member of the heavy dou-

blet, theJc1( 1
2 ), decays toJc8, which itself decays radia-

tively and is hard to isolate. Similarly, theVc* decays radia-
tively to Vc and also may be difficult to find. Finally, there is
the Sc*

1, which, unlike its isospin partnersSc*
0 andSc*

11,
decays to a neutral pion and has not yet been identified.

What other excited charmed baryons might one look for?
The lightest undiscovered states are likely to be of two types.
First, there are ‘‘radial’’ excitations of the ground stateLc

andJc , which haveJl
P501 andJP5 1

2
1. Second, there are

‘‘orbital’’ excitations of theSc
(* ) , Jc8

(* ) , andVc
(* ) , which

havesl 5L l 51 ~in the quark model!, and henceJl
P502,

12, or 22. If the sign of the spin-orbit interaction follows
one’s quark model intuition, then the lightest of these ‘‘or-
bital’’ excitations will haveJl

P502 andJP5 1
2

2.
It is hard to estimate the widths of these excited states

with any precision, both because their strong decays proceed
via nonperturbative interactions and because their masses,
and hence the available phase space, are not known.4 The
best that we can do is to note that the decays will be medi-
ated by operators analogous to Eq.~1!, with new coupling
constants of order one replacingh2 . We can then expand the
width for Ep'mp , since to be visible a new state would
have to be fairly close to threshold for decay viap emission.
For S-wave decays, we can scale directly from Eq.~2!, while
for P-wave decays we make the replacement
Ep

2 upW pu→upW pu3, and for D-wave decaysEp
2 upW pu→upW pu5/

(4p f p)2. Neglecting constants of order one, we find that,
near threshold,

S wave: G;10 MeV3S Ep2mp

100 MeVD
1/2

, ~6a!

P wave: G;10 MeV3S Ep2mp

100 MeVD
3/2

, ~6b!

D wave: G;1 MeV3S Ep2mp

100 MeVD
5/2

. ~6c!

These expressions should be taken only as rough guesses
intended to provide guidance as to the mass range which
would make a new state narrow enough to be observable.

Let us denote the ‘‘radial’’ excitations byLc** andJc** .
If their mass is large enough, they will decay in the channels
Lc**→Scp, andJc**→Jc8p, where thep is emitted in aP
wave. According to Eq.~6b!, these states will be broad, un-
less they are fairly close to threshold forp emission. If they
are lighter than this, then theLc** andJc** will decay ra-
diatively or viapp to Lc andJc , in which case they will be
narrow. Since there is no firm theoretical prediction for the
masses of theLc** andJc** , it is worth searching for them
in these channels, in the hope that they will be fairly light.
However, theScp channel is already well studied in this
mass range, which may bode ill for future discoveries, and
states which decay toJc8 will be hard to find. Although the
decayJc**→Jc* p may also be possible, it will not compete
with Jc**→Jc8p unless both partial widths are large, and
thus theJc** is broad.

The ‘‘orbital’’ excitations are potentially more
interesting.5 Let us denote the heavy states bySci , Jci* , and
Vci , where i 50,1,2 for Jl

P502,12,22. For Jl
PÞ0 the

physical states are a heavy doublet of spinJ5Jl
P6 1

2 . Al-
though one might expect, based on the quark model, that the
masses of thesesl 5L l 51 states would not be smaller than
those of the observedsl 50 and L l 51 baryons, the un-
known strength of the spin-orbit interaction makes them dif-
ficult to estimate.

The Sc0 baryon can decay in the channelLcp, where
the p is emitted in anS wave. From Eq.~6a! we see that
unless it is very light, this state is likely to be too broad to be
observable. TheSc1 doublet has the same quantum numbers
as the observedLc1 states, and will decay according to the
same pattern, namely toLcpp, resonating throughSc

(* ) if
kinematically allowed. Finally, theSc2 doublet can decay
to Lcp through emission of aD-wavep. The Jci* baryons
will be similar to theSci . The Jc0* is probably broad, the
Jc1* doublet is analogous to theJc1 , and theJc2* decays to
Jcp in a D wave. Note that in each flavor sector, correc-
tions proportional to 1/mc can mix the twoJP5 3

2
2 baryons

with Jl
P512 and 22, and the twoJP5 1

2
2 states withJl

P

502 and 12.
From the width estimate~6c!, we see that theupW pu5 sup-

pression in theD-wave decay widths might make theSc2

and Jc2* states fairly narrow. For example, in the charmed
meson sector theJP521 D2(2460) decays toD andD* via
D-wave p emission, and although the mass differences are
590 MeV and 450 MeV, respectively, the width of the
D2(2460) is only approximately 20 MeV. However, itsJP

511 heavy partner, theD1(2420), is broadened substan-
tially by effects of order 1/mc , perhaps by mixing with a
wide state with the sameJP, but differentJl

P which decays
by emitting ap in an S wave @3,4#. Similarly, theJP5 3

2
2

4There are quark model predictions for their masses@15#, which it
would be nice to test experimentally.

5Predictions for the decay properties of some of these states also
may be found in Refs.@14,16#. These predictions, which are con-
fined to the nonstrange charmed baryons, rely explicitly on the non-
relativistic quark model.
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members of theSc2 andJc2 doublets could be broadened by
mixing with the JP5 3

2
2 states of theSc1 and Jc1 . Hence

the pureD-wave decays of theJP5 5
2

2 baryons might be the
easiest to find. Finally, note that the partial width of theJc2*
into Jcp will be suppressed further by an isospin factor of
1
4 . These are decay channels worth exploring, in the mass
rangesM (Lcp)*2420 MeV andM (Jcp)*2500 MeV.

TheVci states decay somewhat differently, because of the
absence of light quarks. If they are too light, they can decay
only radiatively toVc

(* ) and will be very hard to find. If its
mass is greater than 2960 MeV, theVc0 will decay to the
final stateJcK. The Vc1 cannot decay toJcK because of
parity; instead, it will go to Vcpp if M (Vc1)
.2972 MeV, and toJc8K if M (Vc1).3075 MeV. The best
hope for seeing this state is ifVc1→Vcpp is the only strong
decay allowed. TheVc2 will decay toJcK if possible, with
the K in a D wave. As above, theJP5 3

2
2 member of this

doublet might be broadened by 1/mc effects.
Since a mass in the vicinity ofM (Jc)1M (K)'2960

MeV is quite possible for theVci states, the decay channel
JcK could be a promising place to look. ForS-wave decays,
an estimate similar to Eq.~6a! applies, but the growth ofG
away from threshold is much faster for aK in the final state
than for ap, because near thresholdEK

2 'mK
2 @mp

2 . Neglect-
ing constants of order one, the rough estimates for kaons
analogous to Eq.~6! are

S wave: G;100 MeV3S EK2mK

10 MeVD 1/2

, ~7a!

P wave: G;10 MeV3S EK2mK

10 MeVD 3/2

, ~7b!

D wave: G;10 MeV3S EK2mK

100 MeVD
5/2

. ~7c!

Thus theVc0 , which decays in anS wave, will likely be too
wide to be observable unless it lies within 1 MeV or so of
threshold. By contrast, theVc2 is likely to be reasonably
narrow even if it is as heavy as 3100 MeV. Assuming that
enough of them can be produced, this state should be a prime
candidate for discovery in theJcK channel.
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