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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 pr¢@id886-282199)50221-X]

PACS numbgs): 12.39.Mk, 12.39.Pn, 12.40.Yx, 14.26c

Experiments at new electron-scattering facilities, such a4 (1600), the lightest radial recurrence of the ground state
those in Hall B at Jefferson Lab, are expected to producd®=2" A(1232). Furthermore, models of the electromag-
many new baryon states, including those which are describegetic couplings of baryons have difficulty accommodating
in quark potential models as having explicit excitation of thethe substantial Roper resonance photocoupling extracted
gluon degrees of freedom. Low-lying baryon states preserfrom pion photoproduction dat#]. Evidence for two reso-
in analyses ofrN elastic and inelastic scattering, such as thenances near 1440 MeV in tHe,; partial wave inwN scat-

P,, Roper resonanchi(1440) which has the same quantum tering was cited 7], which would indicate the presence of
numbers as the nucleon, have been propset] as hybrid  more states in this energy region than required by dfe
candidates. This is based on extensions of the MIT bagnodel, but this has been interpreted as due to complications
model[3] to states where a constituent gluon in the lowestn the structure of th&y, partial wave in this region, and not
energy transverse electric mode combines with three quark@n additional physical sta{@].

in a color octet state to form a colorless state, and on a_This article will show that when the glue in a baryon is
calculation using QCD sum ruldg]. Hybrid baryons have given the flux-tube structure expected] from an expansion
also been constructed recently in the lahgelimit of QCD ~ around the strong-coupling limit of the Hamiltonian formu-
[4]. lation of lattice QCD(HLGT), that the quantum numbers of

With the assumption that the quarks are in an S-wavéhe lightest hybrid baryons largely coincide, but the lightest
spatial ground state, and considering the mixed exchand@yPrid baryons have substantially higher energies and differ-
symmetry of octet color wave functions of the quarks, bag-ent internal structure than predicted using bag models. This
model constructions show that addingl8=1" gluon to  Structure of the glue, where the gluon degrees of freedom
three light quarks with total quark-spin 1/2 yields btk c}:)IIectwe!y condtlense Into flux}turk])est; IS veré/ ?lﬁeae:’;“from
_1 _3 ; P14+ 3+ - the constituent-gluon picture of the bag model an ge-
=2) andA(1=2) hybrids withJ"=57,7 " Quark—spln 312 constructions. The basis of this model is the assumption that
hybrids areN states with)"=3",3*, and3*. Energies are the dynamics relevant to the structure of hybrids is that of
estimated using the usual bag Hamiltonian plus gluon kineti¢onfinement. At large interquark separations, there is evi-
energy, additional color-Coulomb energy, and one-gluon exdence that the flux-tube model hybrid potential is consistent
change plus gluon-Compton @) corrections. Mixings be-  with that evaluated from lattice QC[9—11], whereas the
tweeng?® andg?g states from gluon radiation are evaluated. adiabatic bag model does not reproduce the lattice results
If the gluon self-energy is included, the lightesthybrid  there[12], in contrast to its success at small separations. It
state hag”= 3" and a mass between that of the Roper resohas also been showii3] that a constituent-gluon model is
nance and the next observéd=3;* state,N(1710). A sec- not able to reproduce these lattice res{its].
ondJP=3"N hybrid and aJ°=2 "N hybrid are expected to The model used here to describe the glue is the nonrela-
be 250 MeV heavier, with thA hybrid states heavier still. A tivistic flux-tube model of Refs[9,14], coupled with the
similar mass estimate of about 1500 MeV for the lightestadiabatic approximation, where the quarks do not move in
hybrid is attained in the QCD sum rules calculation of Ref.response to the motion of the gléapart from moving as a
[2]. rigid body in order to maintain the center-of-mass posjtion

For this reason there has been considerable interest in thdthough exact only in the heavy-quark limit, this approxi-
presence or absence of light hybrid states in fhge and  mation has been shown to be good for light-quark mesons in
other positive-parity partial waves N scattering. Interest- the flux-tube mode[15]. In the strong coupling limit of
ingly, quark potential models which assumegastructure  HLGT, flux lines (stringg with energy proportional to their
for the Roper resonancks] predict an energy which is length play the role of the glue, which are modeled here by
roughly 100 MeV too high, and the same is true of theequal mass beads with a linear potential between nearest
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neighborg9]. The total mass of all of the beads is given by =~ TABLE I. Lowest three non-interactingNl) and exact frequen-
the energy in the flux lines, which is fixed by the string cies in GeV for three quark configurations, fom,ncion=Mquark
tension. =0.33 GeV, anch=0.18 Ge\,.

Perturbations to the strong-coupling limit are provided by
the plaquette operator, which moves the flux lines, and so the li(fm) — Ei(Nl)  E;  E(NI) E; Eg(N)) Es
beads, _perp_endicular to their rest positions. G_Iobal co_loro_sy 05,05 0614 0607 0614 0607 0869 0828
emanate from the quarks mUst meet af & junction, which )07 0% 01 0623 0616 1069 0985 1069 1005
also modeled by a bead. Lattice QCD studi#§] support V510,01 0520 0483 0544 0534 054 0590
confinement from a Y-shaped linear string rather than pair-
wise linear strings. It can be shown in HLGT that a single

plaquette operator cannot move the junction and leave the bz I,

Y-string in its ground state, and so in general the junction M =b2 ) }_ i @)
bead can have a mass which is different to that of those on eff ~ '3 '

the strings. 42 (bl;+M;)

The ground state energy of this configuration of beads '

representing the Y-string for definite quark positiansde-  where the second term is the center of mass correction with
fines an adiabatic potentia¥g(ry,rp,rs) for the quarks, quark masseM;. HereM is independent of the junction-
which consists of the string enerdyZ;l;, whereb is the  bead to string-bead mass ratio. The potential is the string
string tension ané is the magnitude of the vectgrfrom the  tension times the length of the lines connecting the displaced
equilibrium junction position to the position of quaikplus  junction to the quarks, so that the junction Hamiltonian is
the zero-point energy of the beads. The energy of the first

excited state defines a new adiabatic poterjg(r,r,,rs). 1 < 3

The simplest model incorporating the essential degrees of Hiux=75 Menf +bi21 [li=rl. Q)
freedom has one bead per string, plus a junction bead. The

mass of a bead on strirgs taken to be proportional tol;,  The adiabatic surfaces are found numericalig a varia-

and the junction bead is given a higher mass. This model hagynal calculation. This is made necessary by a singularity in
nine degrees of freedom: three string bead transverse poshe small oscillations expansion for quark configurations
tions (&) within, and three %) out of the plane of the \yhere the triangle made by joining them contains an afgle

quarks, and three junction positions, ix,y) and out(z) of  of at least 120°, so that the equilibrium position of the junc-

this plane. o _ tion is such that the corresponding distancdetween the
A nonrelativistic Hamiltonian is constructed in the small jynction and the quark is zero. This variational calculation
oscillations approximation, and has the form agrees with the analytic small oscillations results when the
) o are all large, but shows the small oscillations approximation
Hstring= Tj(r) + Top(&i,2i) + Tppt+ T+ V(1) + V(& ,2), to be poor for some other configurations. It was shown in

(1)  Ref.[14] that when the small oscillations approximation is
removed, as has been done here, hybrid meson masses go
where in the potential the string-bedn) and junction-bead down, and when the adiabatic approximation is removed, as
(j) coordinates decouple, but there are teiffgsand T,; in - has been done partially here, hybrid meson masses go up.
the kinetic energy which couple these motions. This Hamil-This same behavior is seen here.
tonian is corrected for the center-of-masam., motion due As Tj(f)+VJ-(r) is even undez— —z, one of the three

to the string motion, by allowing the quarks to move rigidly first excited modes of the junction always involves motion

to maintain the c.m. position. This gives effective masses, .~ 5 analviic results in the small oscillations ap-
similar to reduced masses to the string and junction beads, g =4 y P

which depend on the quark masses. proximation show that the frequency for motion alongis

Diagonalization of the resulting coupled-oscillator Hamil- @lways higher than those in the plane of the quarks. Trial
tonian for a wide variety of quark configurations shows thatvave functions for the ground and first excited states are
neglect of the coupling term¥,, and T, does not signifi- taken to be the anisotropic harmonic oscillator wave func-
cantly affect the lowest string energies. Examination of theOns
eigenfunction for the lowest energy mode shows that it is 12

) . . 4 . L (a,a_ay) -
always predominantly in-plane junction motion. This is illus- Wg(r)=———exp{—[( -r)?
. o B 24 a1

trated for three quark positiorispecified by the lengthls of
the three stringsin Table I.

Accordingly, the string ground state and first excited state +(a_m- 1)+ (a,2)%112},
adiabatic surfaces may be found by allowing the junction to R
move, while the strings connecting the junction to the quarks V() =\2a_g_-r¥g(r), (4)

follow without excitation. This gives the junction an effec- o
tive mass which in the limit of a large number of beadsWith variational parametera ., «, , a;, and#, the latter
becomes giving the directionz_ in the plane of the quarks of the
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lowest-energy oscillation relative to a body-fixed axis in that The H hybrid wave function in Eq(4) is proportional to
pIane.l For every configur_ation of the quarks, specifigd by th€, .r, and sincen_ lies in the plane of the quark® (r) is
magnitudes of the Jacobi coordinages., and the cosine of proportional to a linear combination afy(F) andY, 4(F),
the angled,, between them, the ground/g) and firSt ex- i the junction positionr defined relative to abody)
C't_ed state VH? string energies are .|ndependently MINI- 7_axis perpendicular to the quark plane. Howevy,(r) is
mized. The variational wave functions in Eg) are exact in better than 99 75% i i bination b (7 d
the long-string limit, and given their four parameters are ex- etter than 99.7/571n a linear (?om 'r_‘a ion Bfy(r) an
pected to yield energies within a percent or so of the true’1-1(r). When the quarks are in their lowest energy
energies away from this limit. =0 state in the hybrid confining potential, the total orbital
In order to compare to the relativized model calculation Ofangular_ momentum i_‘i: 1 _ . _
baryon masses of RefL7], hybrid baryon masses are found ~ The junction Hamiltonian in Eq(3) is invariant under the
by allowing the quarks to move in a confining potential inversion of coordinates;;— —r; which impliesl;— —1I;,
given by the linear potentiab>;l; of Ref. [17], plus Vy andr— —r, so that the flux wave function must be a state of
—Vg. Since a typical string configuration when two quarksgood parity. Sincep_ is a vector in the plane of the quarks
are near to each other involves a string extending from th& can be written as a linear combination of the with
distant quark to the junction nearby the other two quarkscoefficients which are functions of the parity-invariant

nearby quarks are in a col8rconfiguration in both conven- lengthsl;. It follows that _ is parity-odd, and that the
tional and hybrid baryons. For this reason, and since oufybrid-baryon wave function from Ed4) has even parity.
flux-tube model makes no predictions for the short-distance Peérmutations;; of the quark labels exchange the quark
interquark potential, the Coulomb potential from one-gluonP0Sitionsri—r;, and soljl;. Since the junction Hamil-
exchange is taken to be the same in conventional and hybrfnian in Eq.(3) is symmetric under such a relabeling, then
baryons. Spin-dependent terms are neglected. Quark wavefux andPi; must commute. This implies that andP;; ¥,
functions are expanded in a large oscillator basis, and enef!heére W is an eigenfunction of H,, with energy
gies for baryonslinear confinementand hybridglinear plus V(rl',rz,r3), mqst be degengrate. Since the bar@rand
Vy— Vg confinement composed of light quarks are evalu- hybrid H have dn‘ferenF energleﬁzij\lf must be a multiple of
ated. When added to the spin-averaged mass ofitaed A v, Ag the only one—d|men3|onal representations of the per-
which is 1085 MeV, hybrids with quark orbital angular mo- Mutation group are either totally symmetiig) or totally
mental,=0,1,2 have masses 1980, 2340 and 2620 Me@nﬂsymmegtnc(A), it follows Tat for the hybridV is either S
respectively. Hyperfine(contact plus tensprinteractions, (NYPridsH®) or A (hybridsH") under quark label exchange.
discussed below, split thié hybrids down and tha hybrids With the above qu_x Hamlltom_an, the Ioglca_l choice is an
up by similar amounts, so that thé hybrid mass becomes ©€Xchange-symmetric baryon trial wave functid .

1870 MeV. The error in this mass due to uncertainties in the, 1N color structure of baryons and hybrid baryons is mo-
parameters gb/b=*+10% 6M,/M,=+50%) is estimated tivated by the strong-coupling limit of lattice QCD, where

to be less thant100 MeV. This lightest ,=0) hybrid the quarks are triplet sources of color joined by strings con-
level is substantially higher than the rough?y 1.5 GeV esti-Nected to a totally antisymmetric junction, so that the color

mated from bag model and QCD sum rules calculations. Thidvave functions of both kinds of state are tpta_lly _antisymmet-
calculation also shows that the size of the quark core ofic under quark-label exchange. The Pauli principle therefore

hybrid baryons is roughly 20% larger for hybrid baryons"€duires that the ground state symmetric hybiitfs have
than for conventional baryons. combined flavor-sp_m wave funcUons for the quark; which
The hyperfine interaction derived from the Coulomb in- are totally symmetric, since these will have symmetric quark

teraction between the quarks has the same sign in convefRPital wave functionss. This implies that flavor-symmettic
tional and hybrid baryons, so that the hybrids with quark-States must havé=3, and that flavor-mixed-symmet
spin will be heavier than those with quark-spjn-Given ~ States haves=3z. The H™ hybrids require totally antisym-
the increased size of the hybrid states, the quark-sgig- ~ Metric quark flavor-spin wave functions, which are impos-

brids are not expected to split as far from the spin averageﬁitile for A states, and possible only fd¥ states withS

level as in the usual baryons. =3. When these flavor-spin configurations are put together

For every set of quark positions the potential in which ~ With the LP=1"®0" combined flux-quark orbital wave
the junction moves is anisotropic, which means that the sofunction for theH hybrids, the result is the set of configura-
lutions of the Schidinger equation for the junction motion ons shown in Table II. Although both the present model
do not have definite angular momentum. However, in theaNd the bag mode]3] predict the presence of seven low-
absence of the adiabatic approximation the combined wavkying hybrid baryons, only the staté¢’; © andN?3* have
function of the quark and junction motions must be a state othe same flavor, quark spi§ total angular momentum, and
good angular momentum. Although it is possible to projectparity as low-lying hybrids in the bag modg]. Flavor as-
states of good angular momentum out of the combined juncsignments for théd hybrids are reversed in the bag model,
tion and quark motion states, this is technically difficult anddue to the differentmixed exchange symmetry of the quark
will not be reported on here. Instead, a simplified argumentolor wave functions required by the addition of a single
is given to justify that the total orbital angular momentum of colored gluon. These differences emphasize the collective
the lowest-lying hybrid baryon€H) is unity. nature of the gluonic excitation in the flux-tube model. With
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TABLE II. Quantum numbers of low-lying hybrid baryons for energies which are missing from the analyses. A signal for
the adiabatic surfaced, degenerate in the absence of spin-the presence of hybrid baryons would be the discovery, in

dependent forces. analyses of data expected from the new experiments, of more
states than predicted by models which constrain the glue to

Hybrid Baryon L S (N,A)?5F 1P be in its ground state. Furthermore, in order to unde%stand
experiments which are designed to find these misgj

H® O N23 7 N23 T A% T A% T A%5" baEyons, states with excitedgglue must be conside?qedg.] An

HA 1 3 N23+ N23+ obvious place to look for signals for hybrid baryons would
be in electro- and photoproduction pfand w in Hall B at

Bag model 1 3.5 A2L+ A28+ NAL+ NA3+ NS+ TINAF; there are also plannedN scattering experiments

1 1 N2+ N23+ [19] by the Crystal Ball Collaboration at the new D-line at

Brookhaven National Laboratory which will examine the fi-
nal statedN7, Np andNw in the 2 GeV mass region.

The decays/—ppw and /—ppzn’ have been observed
T20] with branching ratios of roughly I¢. Since gluonic
hadron production is expected to be enhanced above conven-
tional hadron production in the glue-rich decay of theit is

the addition of spin-dependent forces, the lowest-lying hy
brid states are predicted to be two pairs of quark-gpin-
nucleon states in th®,; and P,3 partial waves, with more
massive quark-spiBA states. The central conclusion of this ossible that a partial wave analysis of the or py’ in-
article is that th_e I|ghtest_of these states are at 187_ ariant masses would yield evidence for hybrid baryons. Fu-
+100 MeV, considerably higher than previous mass estiyqe work in this area at the Beijing Electron Positron Col-

mates from the bag mod¢8] and QCD sum rule$2] of  jijer and an upgradea-charm factory could be of critical
about 1500 MeV. importance.

If hybrid baryons obey suppression of certain decay
modes similar to the decay selection rules for hybrid mesons This work was supported by the U.S. Department of En-
[18], they may be distinguishable from conventional baryonsergy under contracts No. DE-FG05-86ER402BX), No.
in the same mass range on the basis of their strong decays; W-7405-ENC-36(PRP and the Florida State University Su-
addition, their electromagnetic couplings are expected to bpercomputer Computations Research Institute which is par-
distinctive[1]. There areg® baryon states predicted by quark tially funded by the Department of Energy through contract
potential models to be present in these partial waves at the$¢o. DE-FC05-85ER25000.
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