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Is the hD35(1925) Resonance Evidence for New Baryonic Degrees of Freedom?
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The possibility that the &D35(1925) resonance is evidence for a [56, 1 ] multiplet cor-
responding to excitation of new gluonic degrees of freedom within baryons is examined
in detail. A new group-theoretical analysis of a successful mass formula for the N = 2
multiplets of the nonrelativistic harmonic-oscillator quark model is also presented. Some
results for the N = 3 level are also given together with an outline of the method for gen-
eralization to any degree of excitation of the system.

PACS numbers: 12.70.+q, 11.30.Ly, 12.40.Cc

The nonrelativistic harmonic-oscillator quark
model is remarkably successful in accounting for
many features of the baryon spectrum. In its
modern guise, ' including anharmonic perturba-
tions, quark mass differences, and some effects
of the nonrelativistic reduction of colored gluon
exchange between quarks, it provides a good
semiquantitative guide to negative- and positive-
parity resonances up to about 2 GeV in mass."
Nevertheless, despite this huge success, the
theoretical foundations of this nonrelativistic po-
tential model are not well understood — "ertainly
not from a fundamental standpoint like that of
quantum chromodynamics. It is therefore im-
portant to examine possible deviations from this
rather simple picture of baryons. In fact, there
is a strong hint of a new degree of freedom being
excited. Before we discuss the evidence for such
an assertion, we briefly survey several possible
realizations of such "extra" degrees of freedom.

The rigid, spherical-cavity approximation to
the Massachusetts Institute of Technology bag
model4 gives a good description of the ground-
state [56, 0'] multiplet. However, in order to
generate the negative-parity resonances, the
rigidity of the surface must be relaxed to allow
small surface oscillations. Rebbi' identified a
[70, 1 ] multiplet together with extra [56, 1 ]
multiplets which may be visualized as arising
from oscillations of the three-quark system with
respect to the bag walls. One of these [56, 1 ]
multiplets is identified with the zero mode cor-
responding to translation of the ground state; the
rest are presumably extra non-three-quark
physical [56, 1 ] multiplets. The detailed calcu-
lations of Rebbi' suggest that the first such multi-
plet should be below 2 GeV. Similarly, a host of

extra states are evidently possible in models
where "constituent gluons, "as well as quarks,
are allowed as building blocks. ' An alternative
picture' of baryons is the string model in which
quarks are attached to the ends of strings which
meet at a common junction. In such models,
there are clearly more than just quark degrees
of freedom inside baryons and extra structure is
to be expected, although there are no reliable
estimates of masses.

So much for theory; what of experiment? In
1976, Cutkosky' announced the discovery of a new
resonant state, the b», (1925). Since the quan-
tum numbers of this state make it most plausibly
assigned to a [56, 1 ] multiplet, Cutkosky sug-
gested that this was evidence for gluonic degrees
of freedom within the proton. However, before
such a claim is to be believed, one must rule
out a more conventional explanation, namely a
[56, 1 ] multiplet which is a genuine three-quark
excitation. Dalitz, Horgan, and Reinders' ap-
peared to do just this, obtaining a sum rule re-
lating the mass of the 4~35 state to other, known
6 resonances, and predicted

M(A~, ) =2088*25 MeV,

some 160 MeV higher than the value 1925+20
MeV quoted by Cutkosky et al.' On the face of it,
therefore, it seems unlikely that the 1925 state
can be this three-quark state. %hat reasons are
there for re-examining this result? Firstly, a
new phase-shift analysis by Cutkosky et al."con-
firms the 6~35 state, gives it 3* status, and
quotes a mass of 1930+20 MeV. Secondly, the
sum rule derived by Dalitz, Horgan, and Reind-
ers' was based on the specific assumption of
neglecting SU(6) tensor forces. Such forces are
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now believed to be important, ' ' more important
certainly than the spin-orbit forces retained in
the detailed SU(6) mass analyses performed by
Horgan and others" which explicitly neglect spin-
spin tensor forces of the type arising from one-
gluon exchange.

Our analysis is based on the following nonrela-
tivistic oscillator model described by the Hamil-
tonian '

H =Q;m;+Ho+Hfyp,

with

3 ~ 2

Ho Z 2
+ E ~conf

i=1 mi i& j
where the confining potential V„„~"is written
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Here, ~;, is the separation of quarks i and j and
U(r;, ) is an unknown anharmonic perturbation,
depending only on the magnitude ~... which we
shall treat to first order in perturbation theory.
We shall be less ambitious than Ref. 9 in that we
shall only predict the mean masses of the various
harmonic-oscillator multiplets, with total neglect
of the one-gluon-exchange hyperfine interactions
H

hypo
This appr oa ch is a lready known to lead to

an intriguing result for the N= 2 multiplets. "
Figure 1 shows the pattern of the degeneracy
breaking induced by an arbitrary anharmonic per-
turbation: Apart from the overall choice of sign,
the relative splittings are independent of the de-
tailed form of U. This suggests that the result
may be derived from purely group-theoretic con-
siderations and corresponds to the breaking of a
symmetry of the Hamiltonian by the perturbation
U. The splitting at the N = 2 level —with the lower-
ing of the radially excited multiplet [56, O'J be-
low the [56, 2'J and the 70's seems to corre-
spond rather well with the physical situation. It
lends confidence to the belief that the pattern of
splittings at the N = 3 level will be of interest.

The results for the N=2 level" and some re-
sults' at the N = 3 level were originally derived
with the explicit oscillator wave functions and
with use of the symmetry of the three-quark sys-
tem to perform some of the Gaussian integrals.
We therefore sketch an alternative derivation of
these results via operator methods before briefly
discussing the group-theoretical aspects of the
problem.

In the absence of the anharmonic perturbation
U, the Hamiltonian in the S=O sector may be re-.
written in terms of the standard three-body co-

[ss,o']

FIG. 1. The pattern of splitting of the N = 2 super-
multiplets under the influence of the anharmonic per-
trubation U.

ordinate s

p = (r, —r, ) /Y2, A. = (r, + r, —2r, ) /v'6,

to yield

Ho=Ho. m. +
2

+ + (p +X ),pp pp, 3K
2m 2m 2

where the first term simply describes the free
motion of the center of mass and we have taken
m„= m„=m. We now introduce creation and anni-
hilation operators for the two independent p and A.

oscillators. In a spherical basis for the J[J mode
we define

~, '(p)=+2 "[~.'(p)+f~, '(p)J,

a, '(p) =a. '(p),

obeying the usual commutation relations

[a, , a, t] = 6,, (i, j=+, —,0; 8= 1),
with similar expressions for the ~ mode. The
general excited state of H, with energy E„=(N
+ 3)~ and orbital angular momentum L may be
expressed as an Nth-order monomial of creation
operators acting on the ground state

~
0)=

~ 0)~ ~
0)q.

For a given N and permutation symmetry P(= S, A,
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M~, or Mq), the states may be written

where the relevant operator may be constructed
by a systematic procedure given by Horgan. "
For example, the N = 2 [ 56, 0'] states are char-
acterized by the operator

With the operator forms for the state vectors
plus the commutation relations, it is now straight-
forward to calculate the first-order energy shift
induced by U. First, the symmetry of the (flavor-
spin) SU(6) SO(3) three-quark states,

~ y&, is
used to reduce the problem to a perturbation cal-
culation for the p oscillator alone:

2 &yl &(~;,) I q &=3&@ I t7(~&p) I q&.
i&j

The remaining p-oscillator matrix elements of
U are then quickly translated to the Gaussian
moments of U defined in Ref. 3, and the pattern
of Fig. 1 derived. The energy levels involve
three parameters: an effective zero-point ener-
gy F., and oscillator frequency 0 common to the
N = 0, 1, and 2 (and 3) levels plus a splitting pa-
rameter 6 specific to the N = 2 level.

A group-theoretical derivation of this result is
both interesting in itself and leads to a new meth-
od for enumerating and constructing the state
vectors of the multiplets at any given N which
has some advantages over previous methods. "
Contrary to what might be expected the relevant
group is not the SU(6) dynamical symmetry group
of the two-oscillator Hamiltonian but rather the
associated spectrum-generating algebra —in this
case a noncompact, real form of the symplectic
group Sp(12). The group is realized on the twelve-
dimensional vector

Mass (GeV. )

[70, 2 ]

2. 2 [56,3 ]

2.0
[20, 1 ]
[56,& j

[70, 2 ]

symmetry under the permutation group $,. The
SO(3) subgroup gives the angular momentum con-
tent; the compact generator of Sp(2) is propor-
tional to the Hamiltonian. Allowed multiplets are
therefore classified in finite-dimensional, non-
unitary irreducible representations of Sp(12).
The relevance of this group to the splitting in-
duced by anharmonic perturbations is that U is
naturally classified under Sp(12). For example,
at the N= 2 level, there is a unique breaker of
Sp(12) that can contribute, and one may explicit-
ly construct an algebraic mass formula, involving
the quadratic Casimir invariants of the various
subgroup chains (plus one nonsubgroup invariant),
that reproduces the pattern of Fig. 1. More de-
tails of both the group-theoretic and explicit
methods will be presented in a future publica-
tion. "

a(t)
a '(t )

a(X)
it(x))

in which creation and annihilation operators are
associated to the same irreducible representation.

The state vectors are classified via the chain
of embeddings

Sp(12) & Sp(6) 80(2),
O(2) &S„and Sp(6) & SO(3) WSp(2) .

1.8

1.6

[56, 2 ]
[ro, 0']

[56,0 ]

The O(2) subgroup corresponds to rotations in

(p, A) space and is particularly convenient for the
enumeration and construction of states of definite

FIG. 2. The mass spectrum of the N = 2 and some
N = 3 supermultiplets.
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The interesting new physics occurs at the ¹3
level where the following eight multiplets are ex-
pected: [56, 3 ], [56, 1 ], [70, 3 ], [V0, 2 ],
[VO, 1 ], [70, 1 ], [20, 3 ], [20, 1 ]. Turning on
the perturbation splits these multiplets and intro-
duces a new parameter 5, specific to the N = 3
levels. For example, for the [70, 3 ] we obtain"

x[70, s ]=z,+so-~~+-,'5.
However, the important feature to note here j.s
that the masses of three of the N=3 multiplets
are independent of 6; their masses axe entirely
determined by the N=2 level Parameters:

E[70, 2 ]=ED+30 ——, 6,
@[56,3-]=a,+sn -&~,
@[56,1-]=z, + sn -g ~.

Reasonable phenomenology for the N= 0, 1, and
2 levels was obtained' with Eo 1150 MeV and 4
=0 =440 MeV. Using these values, we predict
the mass spectrum of Fig. 2. The mean mass of
the [56, 1 ] is around 1985 MeV close to the
mass of the 4 ~, at 1930+20 MeV. Given the
simplicity of the model and our neglect of the
hyperfine interactions, this is startlingly good
agreement. We conclude that, in contrast to
previous claims, the 6 m, (1930) does not repre-
sent unambiguous evidence for new degrees of
freedom inside baryons.
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Chromodynamics with n flavors of massless quarks is invariant under chiral UQ) CUQ).
It is shown that in the limit of a large number of colors, under reasonable assumptions,
this symmetry group must spontaneously break down to diagonal U(n).

PACS numbers: 12.20.Hx, 11.30.Ly, 11.30.Rd

In nature, the gauge group of chromodynamics
is SU(3), and guarks are color triplets. Never-
theless, it is useful to consider generalizations
in which the gauge group is SU(N) and quarks
are color N-uplets. There are many observed
properties of meson dynamics (e.g. , Zweig's

rule) that can be argued to be exact in the large-
N limit; it is tempting to believe that this indi-
cates that large-N chromodynamics is in some
sense a goad approximation to the real world. '

In this note we study large-N chromodynamics
with yz massless quark N-uplets. This theory is
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