
PHYSICAL H, EVIE% D VOLUME 20, %UMBER 3 1 AUGUST 1979

Charmed baryons in a quark model with hyperfine interactions
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We employ a quark model based on quantum chromodynamics and tested against noncharmed baryons to
predict masses and decay rates of ground-state and excited baryons containing one charmed quark. Among
other conclusions, the calculations indicate that the orbitally excited A,, 1/2 analogous to the A(1405) is

stable against strong decays.

l. INTRODUCTION

The success of the. "naive" quark model with the charmonium family and the advent of new ideas concern-
ing quark-quark forces motivated by quantum chromodynamics have led to a revival of interest in both ex-
perimental arid theoretical "old" hadron spectroscopy. Much of the recent theoretical work in this area
supports the idea' that at least the main features of hadron spectroscopy may be understood in terms of ap-
proximately nonrelativistic, medium-mass quarks moving in a flavor-independent confinement potential
perturbed by various short-range interactions anticipated from one gluon exchange.

Mostprominent among these latter forces is the hyperfine or magnetic-dipole-magnetic-dipole interaction
C

(la)

where

2 Q
between quarks i and j in a baryon,

3 Vl PH .

4 n, between quark i and antiquark j in a, meson,
3 nz m~

(lb)

though, as will be elaborated in Sec. II, there is
also evidence for the expected 1/r potential and

perhaps for a residue of the spin-orbit forces as
well.

Several features of the anticipated hyperfine in-
teraction now seem to be confirmed. ' There is,
.first of all, evidence from spectroscopy that the

S, .S& (i.e. , "contact") piece of the hyperfine inter-
action is indeed of short range. There is also evi-
dence from baryon mixing angles that the second
("tensor") piece of the hyperfine interaction is
present with the correct relative strength com-
pared to the contact term. Finally, there is fairly
strong evidence for the I ' dependence of the
color-magnetic dipole moment of quarks from the
splittings of strange baryons and mesons [e.g. ,
(Z —W)/(Z -X), (Is-* —ff)/(p- ~), etc.]. On tt e
other hand, the supposed m ' dependence of the
color and electromagnetic moments of quarks is

very closely related to the q, problem of charmon-
ium spectroscopy: The p-g(2. 83) splitting may in-
dicate that the color-magnetic moments are larger
than expected, while g-X(2.83)y may indicate that
the electromagnetic moments are smaller than ex-
pected. While other, perhaps more palatable,
explanations of this problem have been presented, '
it is clearly important to find independent tests of
this nz ' dependence for charmed quarks. Fortun-
ately, there are already some: The D*-D and F*-
I' splittings are in reasonably good agreement"
with Eqs. (l). The study of charmed-baryon spec-
troscopy will provide further checks of this im--

portant effect.
C harmed baryons also pr ovid e a very good and

perhaps even dramatic way of testing for the ap-
proximate flavor independence of the confinement
forces. In baryons containing two quarks of equal
mass m and a third quark of different mass m', it
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has been very useful' to abandon the requirement
of overall wave-function antisymmetry and to anti-
symmetrize only in the equal-mass quarks (say
quarks 1 and 2). In this case with variables

contained in Secs. III and IV. The model itself is
reviewed in Sec. II. We discuss our results and
their application to the experimental search for
charmed baryons in Sec. V.

p-=~ (r, —r, ) (2) II. THE MODEL

and

—(r, +r, —2r, ) (3)

pairs of spatial wave functions of mixed symmetry
which would normally have been degenerate in en-
ergy (as a consequence of the overall permutation-
al symmetry of the system) can be seen to corres-
pond to different energies: Excitations of the X

variable involve the vibrations of the "odd" quark
(for our purposes "odd" ="strange" or "charmed")
unlike excitations of the p variable. These vari-
ables have associated with them "reduced masses"

The model on which our conclusions are based
was introduced and applied to noncharmed baryons
in Refs. 5 and 6, and has been reviewed recently
in Refs. 2, 9, and 10, so we simply sketch the
model here.

%'e assume that the Hamiltonian for baryons is
approximately

3

8 — mf+ IIO+ 0„
1

3 2

Ho = Q 2
' —+ Q Vc'.f(+jj)

1 2m-

mp m

3mm'
pn 2m+m' '

(4)

(5) hyp ~ hYI-' &

f&g

and in the harmonic-oscillator model this leads to
a frequency shift between p and A. excitations
(analogous to the isotope shift in molecular vibra-
tions) of

1+2gi"'
co 3 )

where

x=—m/m'.

In strange baryons where ~= 0.6 this leads to a
frequency shift of about 15%%uf and is responsible' for
the observed "reversal" of the Z-,.' —A —,

' mass dif-
ference relative to Z 2'- A&' in the ground state.
In charmed baryons with x= 0.2 the model gives a
frequency shift of about 30%%up which we expect to
produce a very dramatic effect. The A(1405)—,

' is
seen in this picture as an almost pure A, -type ex-
citation, 290 MeV above the A(1115)—,

" ground
state; with the further decrease in excitation ener-
gy in the charmed-baryon case, we expect the
charmed analog of the A(1405) to be only about 215
MeV above the A, (2.25)-,". This excitation energy
is insufficient to allow decay to either A, 2' (one
pion is forbidden by isospin and two by phase space
space), or g,—,

" and Z,—,
"which, because of the re-

duced chromomagnetic moment of the charmed
quark, are expected to lie near each other roughly
200 MeV above the A, 2'. Vfe therefore find that
the A.-type excitation of the A, —,

"is stable against
strong decay.

The details of this and our other conclusions are

1
(u d —du)c,

c g2 (10)

1
(ud + du) Q

where Hh»is given by (1), and where V„.',„fis a fla-
vor-independent function of the relative qq separa-
tion. In the case m, = m2 = m, m = m', and V,'~„l-

,'Kr, J2—the.introduction of the variables (2) and
(3) decouples H, into two harmonic oscillators in

p and A. each with spring constant 3g and with ef-
fective masses given by (4) and (5). If m'&m, the
frequency ~~ associated with A, -type excitations
will be smaller than the frequency {dp by a factor
(m/m~)'i' and wave functions in A. will be of smaller
spatial extent by a factor of (m/mz)'~~. These last
observations, as previously mentioned, lead us in
the case m = m„= m~ and m' = m, to abandon the
generalized Pauli antisymmetrization principle
which would apply if all three quarks had equal
masses, and to replace it with the principle that

. baryon wave functions should be antisymmetric only
in the variables of equal mass (i.e., u and d)
quarks. In the strange baryons we referred to the
resulting set of states as the uds basis' states;
here we will naturally refer to the udc basis. This
basis, which maximally violates SU(4) symmetry,
is convenient because it respects the fact that e~

Rp if mp 4 mp i.e ., the udge basis states d iagon-
alize H, while states composed of SU(4)-invariant
wave functions do not. Thus, if we introduce the
isospin wave functions
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(

and the usual spin wave functions

(kit+ than+ 400), etc. ,
S

(12)

1
x+ = — (f40+ t0f —2 004),

6
(fkk+ 404 —24k 0),

(14)

(&i- ~t)~, x'= (~i- i~)i, (13)
1 1

li~. 's 2'& =
4A, x'too

l~c S ~ &
—4'z, X+Poo ~

l&.~l'& =ez, xo&24oo

linc &( o ) —
4&A, xo(24((

IA. '&z o &=PA, X+6'(

l~c +X 2 ) gzcx3/2%11 i

l~. sax ~'& = 4~, X'too'

lii. '&~~ 2'&= AA, X+4'o'

c' ~x 2'& =4z X+4o'o' ~

(25)

(26)

(2'f)

(26)

(29)

(30)

(31)

(32)

(33)
then from the wave functions (p, = p„+ip, , etc. )

~ 3/2~ 3/2

N 0— exp(--,' ((.p' p' ——,
' u~'x'), (15)

x exp(--,' e~'p' ——,
' n~'x'),

X /2 7/2 3/2

happ
0 x

(
2 3 u, 2)

(19}

&& exp(-2 ao'p —2 uz'X'),

e '/'a "'
O X 2

jr
-

A,+

x exp(--,' ((.p'p' ——,
'

((.'~'x'),

& s/2& s/2
pX 0

022 3/2 P+ X+

(20)

(21)

&& exp(--, n~'p' ——,a~'A. '),
e '/2e 3/'

pp o X.
I('22 ~ oy2 P+

X exp(--,' uo'p' --,' ((.~'X'},

& s/2& s/2
2 y„= ',y,

" (P,x, —P, x,)

(22)

(23)

x exp(--,' ((.'~'p' ——,
'

((.~'x'),

where the notation is g( and where

(24)

o.'( = (3K'()'~',

one can explicitly construct the udc basis states in
the harmonic approximation. For example, one
has (to choose some simple low-lying cases)

~ S/2~ 3/2
1 i(j((', = c,~,

~ P, exP(--,' no'P' --,' o.~'X'), (16)F''
~ 3/2~ S/2

1 y(~, = ',~,
~ X, exp(--,' np'p' ——,

' o.~'A.'), (l7)r''
1' 2 l/2 ~ f2~ 7/2

~XX ( c x. (X2 o &00 ~3/2 2

x exp(--,' no'p' ——,
' n~'X'),

s/2 s/2
p), 1 Qo Ag

2 (('oo
= ~q, oi2

It is apparent that these states in the udc basi. s are
much simpler than symmetrized SV(4) basis states.
Also it should be noted that at this level of calcu-
lation, states such as lA, 'Pz —,

' ) and
l Z, '&z —,

' )
have already developed a mass difference due to
w~ & ~p which, as we shall see shortly, is of the
order of 150 MeV.

Of course we do not expect H0 to be of harmonic
form. However, we proceed to approximate solu-
tions of the true problem by writing

V,",,., ;
= 2Kr(( + U(r(~), (34)

where U(r, () is some u. nknown potential which we

expect to incorporate a shor t- ran ge attractive po-
tential (the Coulonib-type potential) and deviations
of the long-range part of the potential from the
harmonic-oscillator form. We then note that all
potentials U(r,.z) will in first order split the equal-
mass harmonic-oscillator eigenstates up into the
same pattern ' so that the H, matrix elements of
the ten wave functions (15) to (24) are given in the
equal-mass limit by only three constants E0 Q,
and ~ known from our previous work on non-
charmed baryons. We then take mp ~m~ into ac-
count by reducing the energy of ~ excitations by the
harmonic-oscillator factor of (mp/mz)'~'. The full
Hamiltonian matrix is finally obtained by the addi-
tion of the mass difference ~m=rn, —m„and the
hyperfine perturbations.

With the exception of the charmed quark mass,
the parameters of this model are all determined
by noncharmed baryons. 2 These parameters are
rn, =1.75 GeV, m~=0. 35 GeV, E, =1.15 GeV, 0 =a
=0.44 GeV, and 5=0.27 GeV. The parameter 5 is
the "hyperfine constant" determined by the 6-N
mass difference; it differs slightly from the value
Oc30 GeV quoted in Hefs. 5 and 6 as a consequence
of our subsequent inclusion of interband hyperfine
mixing effects like those responsible for the charge
radius of the neutron and other SV(6)-violating ef-
fects." The charmed-quark mass quoted here
must not be taken too literally as its precise value
depends on the way one treats the zero-point ener-
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gy of this system. The mass difference m~ ~ mp
will cause a shift in the zero-point energy of P«
which we have taken into account perturbatively by
taking matrix elements of

TABLE I. The predicted masses and compositions of
some low-lying C =1 baryons.

State (IJ ) Mass (GeV) Approximate composition

in an equal-mass harmonic-oscillator ground-state
wave function that will give the observed proton
charge radius. Since we fix the sum of these two
effects to give correctly the observed A, —,"mass,
our predictions are unaffected by this ambiguity,
but the uncertainty in rn, from this source may be
as large as 0.10 GeV.

Before turning on the hyperfine interactions, the
model outlined above leads to the following Hamil-
tonian in terms of the udge basis spatial wave func-
tions corresponding to the +=0, 1, and 2 levels
of the harmonic problem:

Ac2

AC2

Ac2

c2
g1 c2

Ac+2

A +2

2.26

2.51

2.59

2.67

2.51

2.80

2.81

2.90

2.76

0.95 S+0.30 Spp

Py

'Px

0.86 Sg), + 0.51 Sp p

2S

2

4
Pp

-Dp X

-0.58 P), + 0.79 Pg

E(S)=2.450, E(sp p) =3.000,

E(Pg) =2.750, E(Dqg) =2.965,

E(P, ) = 2.890,

E(sq~) =2.825,

E(D„)= 2.115,

E (Dp p ) = 3.200,

E(Spg) = 3.005, E(Ppq) = 3.190,

with

(35)

~+
ZC2

C2

~+
~c2

2.80

2.78

2.85

3.01

3.01

Py

0.90 Sy p,
+ 0.43 Sp p

0.92 Sgg+ 0.39 Sp p

4Dx~

3.00-

2.90—

2.80—

382

O'Z, 3/Z

/YZ
5/Z

3/Z
//Z
582
/lZ, 3/Z

//Zp 3/Z

//Z
3/Z"

3/Z

3r'Z

5/8, /PZ
--- //Z

3/Z
/ZZ

&s„(f/(s,„)=-o.llo,

(D„(f/iD„) = 0.045. -
After supplementing these matrix elements with
those of the hyperfine interactions, the problem
becomes one of matrix diagonalization. Most of
the relevant hyperfine matrix elements may be
found in Hefs. 5 and 6. The few that may not be
are listed in the Appendix.

2.70-

Q)
(3

2.60—
(A
CO

E

2.50-

3/Z

:3/Z

2.40—

Z.ZO- &c X,
FIG. 1. The predicted spectrum of charmed baryons

below 3 GeV.

III. THE PREDICTED SPECTRUM AND COMPOSITION
OF C = 1 BARYONS

Diagonalization of the various IJ~ sectors of C
=1 baryons leads to the predicted low-lyi. ng states
shown in Fig. 1; the masses and compositions of
some of the more relevant states are also listed in

able I. The spectra shown have included the ef-
fects of interband hyperfine mixing on the energies
of states in the N = 0 and N = 1 bands.

Most of the prominent features of the resulting
spectrum can be. understood qualitatively in terms
of the limit x = m„/m, -0 in which extreme the hy-
perfine interactions of quark 3 would become neg-
ligible and v„would equal (1/8)'/'~, for harmonic
forces. In the spin state g

P the two nonchar med
quarks are in S =0 and so contact interactions are
proportional to -~, while in g~ and X' the fjrst two
quarks are in $ =1 giving an interaction proportion-
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al to +4. 'Thus, apart from rather small second-
order effects, in this limit we expect the A, —,

" to
drop by as much as the nucleon, while Z, —,

"and

Z,—,
"would be expected to be degenerate at —,'(A —N)

= 200 MeV above the A, —,".Those features are re-
flected in the predicted charm spectrum shown
above even though x=0.20. It is gratifying that the

I ~

preliminary experimental situation appears to sup-
port this prediction.

The positions of the A, —,
' and A,—,

' may also be
checked by similar arguments. These states are
approximately pure A, excitations of the type

QA ][['i()~ as were their strange counterparts, the
A& (1405) and AB (1520); in both the S = 1 and C = 1

cases, as a result, the contact forces in these
states are unaffected by m'+ m. Consequently,
for example, the A, —,

' -A, —,
"

gap and the A-,',-A —,
"

gap should differ only by the change in ~~ of about
-75 MeV. In Ref. 4 we predict A& -A&'=-A-,'
—A —,"=375MeV, so here we predict A, —,

' —A, —,"
= A,—,

' —A, &'——3o0 MeV, corresponding to the
solid bar at =2.56 GeV in Fig. 1. Let us recall,
however, that experimentally one observes
A —,

' (1405)—A —,"(1115)= 290 MeV and A —; (1520)
—A —,"(1115)= 405 MeV; the failure of our simple
model to give the A—', (1520)—A —', (1405) splitting is
in fact one of its most serious failures. In Refs.
5 and 8 it is shown that it may be possible to as-
sociate this splitting with a residue of the spin-
orbit couplings which we have hitherto neglected.
Numerically, it turns out that such effects would
be nearly the same size in the A,—,

' —A, —,
' case:

They would lower the A, —,
'

by about 50 MeV and
raise the A, ~ by about 25 MeV. This effect is in-
dicated in Fig. 1 by dashed lines. Alternatively,
we can simply rely on the charm-strange analogy
to write, for example,

A, —, —A, —,'= A —,
' (1405)—A-,"(1115)-75 MeV

= 215 MeV.

Finally we note that the only other low-lying
charmed baryon is a A, —,

" state at about 2.62 GeV.
'This state is mostly a radial excitation of the A,

type of the ground state and so is.predicted (since
once again ][~ is the spin function) to be at an ex-
citation energy related, apart from orbital mode
splitting effects, to that of the Roper resonance
above the nucleon.

IV. THE DECAYS OF C = 1 BARYONS

The most striking feature of this calculation is
the observation that all of the decays

(36)

(37)

(38)

are forbidden: 'The first two by energy conserva-
tion and the third by isospin conservation. More-
over, if the true A, & mass is given by the dotted
line in Fig. 1, and we think this the more likely
possibility, then the decay A,.& -A, &'+an will
also be forbidden and the A, p 7')gll be stgwe
ggginst strong decay. In this case, as we shall see
below, the A, —,

' will decay predominantly to
A, —,"(2.26)+ y with a width of approximately 0.6 keV
and should be readily observable in invariant-mass
distributions in this channel.

o complete our discussion of C =1 baryons we
turn our attention to the calculation of their ex-
pected decay widths. Ne shall explicitly consider
only the six predicted low-lying states A, —,"(2.26),
A, —,

' (2.51), A,—,
' (2.59), A, —,"(2.62), g, —,"(2.44), and

Z,—,"(2.51). Since the threshold for decay into
N(940)D(1870) is 2810 MeV, the A, —,'+(2.26) is of
course stable to all but weak decays while the re-
maining five states can decay only into a lower-
lying charmed baryon and either a pion or a pho-
ton. Since in the single- quark- transition picture"
pion emission must occur from a noncharmed
quark, spectator-quark independence would imply
that the primitive quark amplitudes relevant to N~

decays should apply here as well. 'The calculation
of such a decay from one udc-basis state to
another will therefore be governed by the ampli-
tude

&{a„,-a„'„m'($))

=2{a„'„~(gv„k+ha, p, )e '~2 (T2),(B„„,), (39)

Bre

where k =kz, g and h are constants known from
analysis of N* decays, and where

(40)

while for photodecay we have the two amplitudes"

Br =qT ( '( rr')e2B~[eq(-,'e, ) +)r, ]e '" ~ ee~[q( —,'rr) +(r, ]e '" B (+-,)), „, '
e e

B,r, = qrrrr(B.',.(--') 2~[2(le, )-+(r, ]e '" ~ +e —'[q(le. )-+2, ]e "' B...(+])),

(41)

(42)
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TABLE II. Some decays of low-lying C =1 baryons: Z =—3/(1+2x), h':—f(1+x)/2]p,
a" =(~z'/2-~z+~z2) p.

Amplitude

&(~c2 -Ac2 +& ) =- &(g-3 &')1. 0 2 1.

N i al dth

5 MeV

&(~c2 Ac2 +& ) =+ ~ k(g —
3 h')

+ +

(A ~ A ~
)

tv' f/4 4x —1 2x Z q
2 &/2

|/2 c2 c2 +Y
3

+
3

K6 2

+&) Z3/4i/2 c2 c2 18 & P A2

+ 2

(& j -~ ~ +y)= ~ ~Z3/4 ~,

-3/4 V

60 MeV

-0.6 keV

15 eV b

Negli gible

+ ~6 a2
g(A ~ -z & +&')= —; ~ z»4( +&I, )c2 c2 & 9 2 g -10 keV b

&3/2+c2 -Ac2 i/4

+ 4x —1 4x Z/
(~ ~ -w &'+q)=+& q cz'/41/2 c2 c2 3 & P 3 3 A2

/(g $ + y + + g )
=-= — — (pg+& Z&/2/2/~2)

+ + V2jzz
c &32 c2 18 2g

( c pp2
—c2 + )= (&+2gk/ '), ~+ &+ 0 ~»

8 keV

-3 MeV

Using theoretical values of the energy release. The widths are summed over final-state charges.
These decays are especially sensitive to the available phase space.

where B(M) is a baryon with J,=M, and where

I'(&...-&!..+ r) = (2~„),-(l&.(~l'+ I& i. l'l

(43)

Using these formulas, wave functions such as
(25) to (33), and the results that

1 3 1
r~ —R, m =~g +~ p, (44)

1 3 1
r, —&c.m. =~ & l 2

— —~ p, (45)

(46)

the relevant decay amplitudes and widths may read-
ily be calculated. The results are displayed in Ta-
ble.II. It is noteworthy that even the strongly de-
caying states Z, —,", Zc—,", A,—,', and A,' —,

"are quite
narrow to the extreme that in the A,—,

' case the de-
cay to A, &'+ y may be significant. It is also inter-
esting to note that if our conclusion about the
strong stability of the A, —, is correct, its width
will, regrettably, not be measured. In that case
the only real check on our decay calculations for

this state will be to measure its very small
branching ratio to Z, 2'+ y.

V. CONCLUSIONS

There are several issues at stake in the com-
parison of these predictions with experiment and
with other calculations. " Of most immediate con-
cern will be the opportunity to further check the
notion that the color-magnetic moments of quarks
are inversely proyortional to their masses: If the
pattern and size of splittings in A, ~", Z, —,", and

p,—,
" is correct then we may consider this hypo-

thesis as verified. Certainly the D*-D splitting in-
dicates that we may expect success in this regard,
but the nagging P-q, puzzle requires this additional
evidence.

Other features of these calculations that it would
be interesting to check revolve around the notion
of orbital mode-splitting. Tests of this splitting
constitute tests of the hypothesis of the flavor inde-
pendence of the quark-confinement potential; how-
ever, the quantitative size of the effect is model
dependent. That ~~ & ~ requires only that the kin-
etic energy of a quark when excited be greater than
its kinetic energy when it is in the ground state—
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certainly a reasonable supposition. Tf we then take
at face value the empirical success of this mode-
splitting in the $ =-I sector, our quantitative esti-
mates in the g, =1 sector ought to be reliable.
Thus, zf the center oi gravity of A, —, and A,—,—

where we expect, then (in spite of the uncertain-
ties) this would constitute a valuable piece of evi-
dence in favor of the idea that the strong interac-
tions pay attention to the color, and not the flavor,
of the qua."ks. SI.milar conclusions would follow
from the discovery of a low-massed A'-,.".Of
course measuring the A, —,

' -~, ,"-, mass difference
would be the clearest test of this effect; such mea-
surements may be feasible since simple models
indicate that excited. states of charmed baryons will
be produced as readily as ground states in neu-
trino interactions.

The prediction that the P-wave baryon A, -,'- will
be stable against strong decay remains the most
distinctive qualitative feature of our spectrum. In
view o.' this possibility we would certainly suggest
that charmed-baryon experiments have the capabil-
ity of detecting photons so that A-2-'-y invariant-
Dlass pl, ots can be mRde.

(A.'s„,' 'II--I„„,IA, 's,'-') =0,

(A, 's» 2+Iv„,IA, 2s-,'+) =

6
(» c szx z l&~ihyp ~, sr~ ) =

(~. spa Iffhypl~, 's z') =—

6 2+q.
(g 4s 3+IIi

I

g-. 4s 3+)
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x ~ 2g+1
2 l, x~32 and

+~j

and finally, relevant to the A, —,
'- and A,—, , we have

APPENDIX

Here we list some hyperfine matrix elements
used ln the calculahons of the text but not quoted
previously in the literature. They include both
ground- state terms &tn wlltch we have included the
effects of opw o.~) and interband mixing terms. We
hRve

&A.'s —,
"

I e„„„IA, 's —,"):=--.' (,

P 2 P
&'1 f ),& pp)d I ffcon& I A I xd ) =

Pg pp) &/1 &P 2 Qp )

p~& ~~)
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