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Constructing hybrid baryons with flux tubes
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Hybrid baryon states are described in quark potential models as having explicit excitation of the gluon
degrees of freedom. Such states are described in a model motivated by the strong coupling limit of Hamiltonian
lattice gauge theory, where three flux tubes meeting at a junction play the role of the glue. The adiabatic
approximation for the quark motion is used, and the flux tubes and junction are modeled by beads which are
attracted to each other and the quarks by a linear potential, and vibrate in various string modes. Quantum
numbers and estimates of the energies of the lightest hybrid baryons are provided.@S0556-2821~99!50221-X#

PACS number~s!: 12.39.Mk, 12.39.Pn, 12.40.Yx, 14.20.2c
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Experiments at new electron-scattering facilities, such
those in Hall B at Jefferson Lab, are expected to prod
many new baryon states, including those which are descr
in quark potential models as having explicit excitation of t
gluon degrees of freedom. Low-lying baryon states pres
in analyses ofpN elastic and inelastic scattering, such as
P11 Roper resonanceN(1440) which has the same quantu
numbers as the nucleon, have been proposed@1,2# as hybrid
candidates. This is based on extensions of the MIT
model @3# to states where a constituent gluon in the low
energy transverse electric mode combines with three qu
in a color octet state to form a colorless state, and o
calculation using QCD sum rules@2#. Hybrid baryons have
also been constructed recently in the large-Nc limit of QCD
@4#.

With the assumption that the quarks are in an S-w
spatial ground state, and considering the mixed excha
symmetry of octet color wave functions of the quarks, ba
model constructions show that adding aJP511 gluon to
three light quarks with total quark-spin 1/2 yields bothN(I

5 1
2 ) andD(I 5 3

2 ) hybrids withJP5 1
2

1, 3
2

1. Quark-spin 3/2

hybrids areN states withJP5 1
2

1, 3
2

1, and 5
2

1. Energies are
estimated using the usual bag Hamiltonian plus gluon kin
energy, additional color-Coulomb energy, and one-gluon
change plus gluon-Compton O(as) corrections. Mixings be-
tweenq3 andq3g states from gluon radiation are evaluate
If the gluon self-energy is included, the lightestN hybrid
state hasJP5 1

2
1 and a mass between that of the Roper re

nance and the next observedJP5 1
2

1 state,N(1710). A sec-
ondJP5 1

2
1N hybrid and aJP5 3

2
1N hybrid are expected to

be 250 MeV heavier, with theD hybrid states heavier still. A
similar mass estimate of about 1500 MeV for the light
hybrid is attained in the QCD sum rules calculation of R
@2#.

For this reason there has been considerable interest in
presence or absence of light hybrid states in theP11 and
other positive-parity partial waves inpN scattering. Interest-
ingly, quark potential models which assume aq3 structure
for the Roper resonance@5# predict an energy which is
roughly 100 MeV too high, and the same is true of t
0556-2821/99/60~11!/111501~4!/$15.00 60 1115
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D(1600), the lightest radial recurrence of the ground st
JP5 3

2
1 D(1232). Furthermore, models of the electroma

netic couplings of baryons have difficulty accommodati
the substantial Roper resonance photocoupling extra
from pion photoproduction data@6#. Evidence for two reso-
nances near 1440 MeV in theP11 partial wave inpN scat-
tering was cited@7#, which would indicate the presence o
more states in this energy region than required by theq3

model, but this has been interpreted as due to complicat
in the structure of theP11 partial wave in this region, and no
an additional physical state@8#.

This article will show that when the glue in a baryon
given the flux-tube structure expected@9# from an expansion
around the strong-coupling limit of the Hamiltonian form
lation of lattice QCD~HLGT!, that the quantum numbers o
the lightest hybrid baryons largely coincide, but the lighte
hybrid baryons have substantially higher energies and dif
ent internal structure than predicted using bag models. T
structure of the glue, where the gluon degrees of freed
collectively condense into flux-tubes, is very different fro
the constituent-gluon picture of the bag model and largeNc
constructions. The basis of this model is the assumption
the dynamics relevant to the structure of hybrids is that
confinement. At large interquark separations, there is e
dence that the flux-tube model hybrid potential is consist
with that evaluated from lattice QCD@9–11#, whereas the
adiabatic bag model does not reproduce the lattice res
there@12#, in contrast to its success at small separations
has also been shown@13# that a constituent-gluon model i
not able to reproduce these lattice results@11#.

The model used here to describe the glue is the nonr
tivistic flux-tube model of Refs.@9,14#, coupled with the
adiabatic approximation, where the quarks do not move
response to the motion of the glue~apart from moving as a
rigid body in order to maintain the center-of-mass positio!.
Although exact only in the heavy-quark limit, this approx
mation has been shown to be good for light-quark meson
the flux-tube model@15#. In the strong coupling limit of
HLGT, flux lines ~strings! with energy proportional to their
length play the role of the glue, which are modeled here
equal mass beads with a linear potential between nea
©1999 The American Physical Society01-1
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neighbors@9#. The total mass of all of the beads is given
the energy in the flux lines, which is fixed by the strin
tension.

Perturbations to the strong-coupling limit are provided
the plaquette operator, which moves the flux lines, and so
beads, perpendicular to their rest positions. Global co
gauge invariance requires that the three flux lines wh
emanate from the quarks must meet at a junction, whic
also modeled by a bead. Lattice QCD studies@16# support
confinement from a Y-shaped linear string rather than p
wise linear strings. It can be shown in HLGT that a sing
plaquette operator cannot move the junction and leave
Y-string in its ground state, and so in general the junct
bead can have a mass which is different to that of those
the strings.

The ground state energy of this configuration of bea
representing the Y-string for definite quark positionsr i de-
fines an adiabatic potentialVB(r1 ,r2 ,r3) for the quarks,
which consists of the string energyb( i l i , whereb is the
string tension andl i is the magnitude of the vectorl i from the
equilibrium junction position to the position of quarki, plus
the zero-point energy of the beads. The energy of the
excited state defines a new adiabatic potentialVH(r1 ,r2 ,r3).
The simplest model incorporating the essential degree
freedom has one bead per string, plus a junction bead.
mass of a bead on stringi is taken to be proportional tobli ,
and the junction bead is given a higher mass. This model
nine degrees of freedom: three string bead transverse p
tions (j i) within, and three (zi) out of the plane of the
quarks, and three junction positions, in (x,y) and out~z! of
this plane.

A nonrelativistic Hamiltonian is constructed in the sm
oscillations approximation, and has the form

Hstring5Tj~ ṙ !1Tb~ j̇ i ,żi !1Tbb1Tbj1Vj~r !1Vb~j i ,zi !,
~1!

where in the potential the string-bead~b! and junction-bead
~j! coordinates decouple, but there are termsTbb and Tbj in
the kinetic energy which couple these motions. This Ham
tonian is corrected for the center-of-mass~c.m.! motion due
to the string motion, by allowing the quarks to move rigid
to maintain the c.m. position. This gives effective mas
similar to reduced masses to the string and junction be
which depend on the quark masses.

Diagonalization of the resulting coupled-oscillator Ham
tonian for a wide variety of quark configurations shows th
neglect of the coupling termsTbb and Tbj does not signifi-
cantly affect the lowest string energies. Examination of
eigenfunction for the lowest energy mode shows that i
always predominantly in-plane junction motion. This is illu
trated for three quark positions~specified by the lengthsl i of
the three strings! in Table I.

Accordingly, the string ground state and first excited st
adiabatic surfaces may be found by allowing the junction
move, while the strings connecting the junction to the qua
follow without excitation. This gives the junction an effe
tive mass which in the limit of a large number of bea
becomes
11150
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i

l iF 1

3
2

b(
i

l i

4(
i

~bli1Mi !
G , ~2!

where the second term is the center of mass correction
quark massesMi . HereMeff is independent of the junction
bead to string-bead mass ratio. The potential is the st
tension times the length of the lines connecting the displa
junction to the quarks, so that the junction Hamiltonian is

Hflux5
1

2
Meffṙ

21b(
i 51

3

u l i2r u. ~3!

The adiabatic surfaces are found numericallyvia a varia-
tional calculation. This is made necessary by a singularity
the small oscillations expansion for quark configuratio
where the triangle made by joining them contains an angleu i
of at least 120°, so that the equilibrium position of the jun
tion is such that the corresponding distancel i between the
junction and the quark is zero. This variational calculati
agrees with the analytic small oscillations results when thl i
are all large, but shows the small oscillations approximat
to be poor for some other configurations. It was shown
Ref. @14# that when the small oscillations approximation
removed, as has been done here, hybrid meson masse
down, and when the adiabatic approximation is removed
has been done partially here, hybrid meson masses go
This same behavior is seen here.

As Tj( ṙ )1Vj(r ) is even underz→2z, one of the three
first excited modes of the junction always involves moti
along ĥz5 ẑ. Analytic results in the small oscillations ap
proximation show that the frequency for motion alongĥz is
always higher than those in the plane of the quarks. T
wave functions for the ground and first excited states
taken to be the anisotropic harmonic oscillator wave fu
tions

CB~r !5
~a1a2az!

1/2

p3/4
exp$2@~a1ĥ1•r !2

1~a2ĥ2•r !21~azz!2#/2%,

CH~r !5A2a2ĥ2•rCB~r !, ~4!

with variational parametersa2 , a1 , az , andu, the latter
giving the directionĥ2 in the plane of the quarks of th

TABLE I. Lowest three non-interacting~NI! and exact frequen-
cies in GeV for three quark configurations, formjunction5mquark

50.33 GeV, andb50.18 GeV2.

l i(fm) E1(NI) E1 E2(NI) E2 E3(NI) E3

0.5, 0.5, 0.5 0.614 0.607 0.614 0.607 0.869 0.8
0.5, 0.5, 0.1 0.623 0.616 1.069 0.985 1.069 1.0
0.5, 1.0, 0.1 0.520 0.483 0.544 0.534 0.544 0.5
1-2
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lowest-energy oscillation relative to a body-fixed axis in th
plane. For every configuration of the quarks, specified by
magnitudes of the Jacobi coordinatesr,l, and the cosine of
the angleurl between them, the ground (VB) and first ex-
cited state (VH) string energies are independently min
mized. The variational wave functions in Eq.~4! are exact in
the long-string limit, and given their four parameters are
pected to yield energies within a percent or so of the t
energies away from this limit.

In order to compare to the relativized model calculation
baryon masses of Ref.@17#, hybrid baryon masses are foun
by allowing the quarks to move in a confining potent
given by the linear potentialb( i l i of Ref. @17#, plus VH

2VB . Since a typical string configuration when two quar
are near to each other involves a string extending from
distant quark to the junction nearby the other two quar

nearby quarks are in a color3̄ configuration in both conven
tional and hybrid baryons. For this reason, and since
flux-tube model makes no predictions for the short-dista
interquark potential, the Coulomb potential from one-glu
exchange is taken to be the same in conventional and hy
baryons. Spin-dependent terms are neglected. Quark w
functions are expanded in a large oscillator basis, and e
gies for baryons~linear confinement! and hybrids~linear plus
VH2VB confinement! composed of light quarks are evalu
ated. When added to the spin-averaged mass of theN andD
which is 1085 MeV, hybrids with quark orbital angular m
mentaLq50,1,2 have masses 1980, 2340 and 2620 M
respectively. Hyperfine~contact plus tensor! interactions,
discussed below, split theN hybrids down and theD hybrids
up by similar amounts, so that theN hybrid mass become
1870 MeV. The error in this mass due to uncertainties in
parameters (db/b5610%,dMi /Mi5150%) is estimated
to be less than6100 MeV. This lightest (Lq50) hybrid
level is substantially higher than the roughly 1.5 GeV es
mated from bag model and QCD sum rules calculations. T
calculation also shows that the size of the quark core
hybrid baryons is roughly 20% larger for hybrid baryo
than for conventional baryons.

The hyperfine interaction derived from the Coulomb
teraction between the quarks has the same sign in con
tional and hybrid baryons, so that the hybrids with qua
spin-32 will be heavier than those with quark-spin-1

2 . Given
the increased size of the hybrid states, the quark-spin-1

2 hy-
brids are not expected to split as far from the spin avera
level as in the usual baryons.

For every set of quark positionsr i the potential in which
the junction moves is anisotropic, which means that the
lutions of the Schro¨dinger equation for the junction motio
do not have definite angular momentum. However, in
absence of the adiabatic approximation the combined w
function of the quark and junction motions must be a state
good angular momentum. Although it is possible to proj
states of good angular momentum out of the combined ju
tion and quark motion states, this is technically difficult a
will not be reported on here. Instead, a simplified argum
is given to justify that the total orbital angular momentum
the lowest-lying hybrid baryons~H! is unity.
11150
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The H hybrid wave function in Eq.~4! is proportional to

ĥ2•r , and sinceĥ2 lies in the plane of the quarks,CH(r ) is

proportional to a linear combination ofYl1( r̂ ) andYl 21( r̂ ),
with the junction positionr defined relative to a~body!
z-axis perpendicular to the quark plane. However,CH(r ) is

better than 99.75% in a linear combination ofY11( r̂ ) and

Y121( r̂ ). When the quarks are in their lowest energyLq

50 state in the hybrid confining potential, the total orbit
angular momentum isL51.

The junction Hamiltonian in Eq.~3! is invariant under the
inversion of coordinates,r i→2r i which implies l i→2 l i ,
andr→2r , so that the flux wave function must be a state
good parity. Sinceĥ2 is a vector in the plane of the quark
it can be written as a linear combination of thel i , with
coefficients which are functions of the parity-invaria
lengths l i . It follows that ĥ2 is parity-odd, and that the
hybrid-baryon wave function from Eq.~4! has even parity.

PermutationsPi j of the quark labels exchange the qua
positions r i↔r j , and sol i↔ lj. Since the junction Hamil-
tonian in Eq.~3! is symmetric under such a relabeling, the
Hflux andPi j must commute. This implies thatC andPi j C,
where C is an eigenfunction of Hflux with energy
V(r1 ,r2 ,r3), must be degenerate. Since the baryonB and
hybrid H have different energies,Pi j C must be a multiple of
C. As the only one-dimensional representations of the p
mutation group are either totally symmetric~S! or totally
antisymmetric~A!, it follows that for the hybridC is either S
~hybridsHS) or A ~hybridsHA) under quark label exchange
With the above flux Hamiltonian, the logical choice is a
exchange-symmetric baryon trial wave functionCB .

The color structure of baryons and hybrid baryons is m
tivated by the strong-coupling limit of lattice QCD, wher
the quarks are triplet sources of color joined by strings c
nected to a totally antisymmetric junction, so that the co
wave functions of both kinds of state are totally antisymm
ric under quark-label exchange. The Pauli principle theref
requires that the ground state symmetric hybridsHS have
combined flavor-spin wave functions for the quarks whi
are totally symmetric, since these will have symmetric qu
orbital wave functions. This implies that flavor-symmetricD
states must haveS5 3

2 , and that flavor-mixed-symmetryN
states haveS5 1

2 . The HA hybrids require totally antisym-
metric quark flavor-spin wave functions, which are impo
sible for D states, and possible only forN states withS
5 1

2 . When these flavor-spin configurations are put toget
with the LP511

^ 01 combined flux-quark orbital wave
function for theH hybrids, the result is the set of configura
tions shown in Table II. Although both the present mod
and the bag model@3# predict the presence of seven low

lying hybrid baryons, only the statesN2 1
2

1 andN2 3
2

1 have
the same flavor, quark spinS, total angular momentum, an
parity as low-lying hybrids in the bag model@3#. Flavor as-
signments for theHS hybrids are reversed in the bag mode
due to the different~mixed! exchange symmetry of the quar
color wave functions required by the addition of a sing
colored gluon. These differences emphasize the collec
nature of the gluonic excitation in the flux-tube model. Wi
1-3
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the addition of spin-dependent forces, the lowest-lying
brid states are predicted to be two pairs of quark-spi1

2

nucleon states in theP11 and P13 partial waves, with more
massive quark-spin-3

2 D states. The central conclusion of th
article is that the lightest of these states are at 1
6100 MeV, considerably higher than previous mass e
mates from the bag model@3# and QCD sum rules@2# of
about 1500 MeV.

If hybrid baryons obey suppression of certain dec
modes similar to the decay selection rules for hybrid mes
@18#, they may be distinguishable from conventional baryo
in the same mass range on the basis of their strong decay
addition, their electromagnetic couplings are expected to
distinctive@1#. There areq3 baryon states predicted by qua
potential models to be present in these partial waves at t

TABLE II. Quantum numbers of low-lying hybrid baryons fo
the adiabatic surfaceH, degenerate in the absence of sp
dependent forces.

Hybrid Baryon L S (N,D)2S11JP

HS 1 1
2 , 3

2 N2 1
2

1,N2 3
2

1,D4 1
2

1,D4 3
2

1,D4 5
2

1

HA 1 1
2 N2 1

2
1,N2 3

2
1

Bag model 1 1
2 , 3

2 D2 1
2

1,D2 3
2

1,N4 1
2

1,N4 3
2

1,N4 5
2

1

1 1
2 N2 1

2
1,N2 3

2
1
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energies which are missing from the analyses. A signal
the presence of hybrid baryons would be the discovery
analyses of data expected from the new experiments, of m
states than predicted by models which constrain the glu
be in its ground state. Furthermore, in order to underst
experiments which are designed to find these missingq3

baryons, states with excited glue must be considered.
obvious place to look for signals for hybrid baryons wou
be in electro- and photoproduction ofr andv in Hall B at
TJNAF; there are also plannedpN scattering experiments
@19# by the Crystal Ball Collaboration at the new D-line
Brookhaven National Laboratory which will examine the
nal statesNh, Nr andNv in the 2 GeV mass region.

The decaysc→pp̄v andc→pp̄h8 have been observe
@20# with branching ratios of roughly 1023. Since gluonic
hadron production is expected to be enhanced above con
tional hadron production in the glue-rich decay of thec, it is
possible that a partial wave analysis of thepv or ph8 in-
variant masses would yield evidence for hybrid baryons.
ture work in this area at the Beijing Electron Positron C
lider and an upgradedt-charm factory could be of critica
importance.

This work was supported by the U.S. Department of E
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