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centum chromodynamics may be broken to SO(3)~ with SU(3)' triplets becoming
SO(3)g triplets. If so, there could exist low-mass, fractionally charged diquark states
that are not strongly bound to nuclei, but are rarely produced at present accelerator
facilities. The breaking of quantum chromodynamics can be done with a 27, in which
case this strong interaction theory is easily embedded in unified models such as those
based on SU(5), SO(10), or E(6). Possible relevance of diquarks for fusion catalysis
is described.
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There is growing evidence that a tiny portion of
the charged particles in nature have fractional
electric charge, ~ 3e+integer. ' lt is possible
that such particles are (closely related to) quarks,
the subnuclear fermions hypothesized by Gell-
Mann and Zweig to be the basic constituents of
hadrons'; it is also conceivable that such parti-
cles behave like leptons, or that they are color-
singlet hadrons containing constituents with elec-
tric charge outside the usual assignments, al-
though these schemes appear to leave large abun-
dances of relic fractional charge from the "big
bang. "' In any case it appears interesting to for-
mulate gauge-theoretic phenomenologies that al-
low for observable states with fractional charge.
We argue here thai such observations do not re-
quire a major revision of quantum chromodynam-
ics (QCD) or unified models, but only a slight ex-
tension of the symmetry-breaking scheme.

The widely held belief that unbroken non-Abel-
ian gauge theories confine the charges of the lo-
cal-symmetry group is accepted here. We also

assume that the fractionally charged particles
have constituents that are not color singlets, so
that they are strongly interacting. Consequently,
in the context of QCD we must find a symmetry-
breaking pattern that allows for unconfined frac-
tional charge. Thus, our model is constructed in
the spirit of that of De Hujula, Giles, and Jaffe
(DGJ),' but we propose a different symmetry-
breaking scheme for SU(3)', and as a result, some
of the implications of the model are quite differ-
ent. The most important differences are as fol-
lows: Phenomenologics. lly, observable fraction-
ally charged states are not single quarks. The
lowest-mass observable states are diquarks q
(two quarks bound together). It is possible that
they are neither very massive nor strongly bound
to nuclei. We argue qualitatively that their pro-
duction is suppressed. Theoretically, the break-
ing scheme is easily embedded into unified mod-
els and requires neither extra symmetries nor
abnormal electric-charge assignments. We then

go on io speculate about the masses, production
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cross sections, the formation of bound states
with nuclei, and the enormously important appli-
cation of using the diquarks as a catalyst in fu-
sion reactors. '

SU(3) has two maximal subgroups, SO(3) and
SU(2) I3 U(1). We assume that SU(3)' is broken to
its maximal subgroup SO(3)g (g for "glow" ); this
embedding is defined by the branching rule 3'= 3~.
(Mathematically this is the same embedding that
is used in nuclear physics. ') In breaking SU(3)'
to SO(3)g, three gluons are left massless and the
other five gluons get equal masses p,. In the
short-distance limit « I/p, this theory retains
the features of unbroken QCD. At long distances
all eight gluons are confined, since all have non-
zero glow, the SO(3)& charge.

We now describe the spectrum of multiquark
states, assuming that glom is confined. ' One of
the original motivations for selecting SU(3) as
the color group was the statistics problem en-
countered in forming the observed 56, tt =0 of
lom-mass baryons from three quarks. ' The 56
is formed from the symmetrized product (6 @6
g 6), of SU(6), where SU(6) contains the SU(3)'
IRSU(2)' of the "eightfold way" (e) and rotational
symmetry as 6= (3', 2'), so that (6') =(8', 2')
6 (10', 4'). [All irreps, including those of SU(2),
are labeled by their dimensions. ] With the addi-
tion of the color quantum numbers the group be-
comes SU(6) SU(3)', and the triquark states sat-
isfying the exclusion principle are

[(6 3')'] =(56 1')e(70 8')e (20, 10')

The SO(3)& singlets exactly coincide with the

SU(3)' ones, since the branching rules are 8'= 3~
5%" and 10'= 33'6' 7~. For any other subgroup of

SU(3)' there are 70's, 20's, or both that are un-
confined, since the 8', 10', or both mill have sub-
group singlets. The SO(3) g breaking scheme is
the only one that does not disturb the spectrum of
triquark singlets.

One objection in the past to an SO(3)g "color"
group is the existence of diquark singlets: The
difermions are

[(6,3')'] = (2l 3*')e(15,6') (2)

and the (15,6') has a glow singlet, since 6' = 1~

@5~. The SU(3)' CISU(2)' content of the 15 is (6',
1')8 (3"',3'). The q diquarks may have masses
quite similar to the qq color-singlet masses.

The spectrum of "lou-mass" observable scalar
diquarks in Eq. (2) consists of a strong isotriplet
with charges of uu, ud, and dd, and so forth. The
three axial-vector diquarks have the SU(3)' quan-
tum numbers of u, 2, and s.' The relative mass
of the scalar and axial vector states is model de-
pendent. If the average mass difference is dom-
inated by the color magnetic splitting, then its
value is ——,

' that of the 1' qq system. However,
if only the glom-magnetic spin splitting domi-
nates, then the scalars are lower in mass. Thus,
although it depends on the relative contribution of
the 3~ and 5~ gluons, it is possible that the charge
&4 scalar is the least massive and is the only sta-
ble diquark state.

The qq color-singlet states coincide with the
glow singlets. The diquark-antiquark states do
include glow singlets:

(6*,3*')(g[(6,3') ] = (6, 6*')$(120,6*')63(6 3')$(6 3')63(84, 3')g (120 3')63(6, 15')e(84, 15') (3)

The 15' and 3' contain no glom singlets, but 6'
does; thus the observable states, classified by
SU(3)'8 SU(2)', are 6= (3', 2') and 120 = (3', 2')
e (6*',2') 8 (15', 2') 8 (3', 4') 8 (15',4'). These are
expected to be more massive than diquarks.

In a sense, the unbroken SO(3)g theory cannot
confine quarks because quark-gluon bound states
always have a glom singlet. Thus a quark in 3'
can bind with a gluon in 8' to form states in 6*'
S3'8 15', mhere the 6*' has a glom-singlet piece
that may be indistinguishable from a quark. How-
ever, in analogy with QCD, where glueball mass-
es are expected to be around 1.6 GeV (perhaps),
the masses of the quark-gluon states should be at
least as large as typical baryon masses and sig-
nificantly larger than the diquark masses. "

The breaking of SU(3)' can be described in

terms of an irreducible representation (irrep) or
a conjugate pair of complex irreps of (effective)
Higgs spinless bosons. If the spinless bosons sat-
isfy the usual connection between SU(3)' triality
and electric charge, the breaking representation
must have zero triality: 8', 10'10*', 27', 28'
828*', 35'$35*', 55'655*', 64', etc. However,
before an irrep can break a group to a subgroup,
it must have a subgroup singlet, and of these, on-
ly the 27'= lg 8 5g 6 5g 8 7~ 9g and 28'6 28*'
have SO(3) singlets. The simplest candidate for
breaking color to glow is a 27' of completely fla-
vorless spinless bosons; the Lagrangian mass is
expected to be O(p). Production of the uncon-
fined 1~ Higgs particle is suppressed as are all
1~ that are not 1' states.
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The (effective) Higgs potential depends on the
second-order invariant in (27'), (defined as ~27~'),
two third-order invariants in (27 )„and four in-
dependent fourth-order invariants in (27 ), [in-
cluding (~ 27~')']." There are ranges of param-
eters for which the 27 can break SU(3)' either to
SO(3) or to SU(2) N U(l), which are the two maxi-
mal little groups of the 27. If we assume that the
fourth-order Higgs potential provides an exhaus-
tive description of the possible breaking direc-
tions, then by Michel's conjecture these are the
only two possible breaking directions for a single

(1, 1')e(3, 1')e(5, 1')e(2, 3')e(2, 3+')e(4 3')e(4

27' with a nonzero vacuum expectation value. "
We may select the parameters in a range where
the breaking is to SO(3) g.

An important advantage of the 2V' breaking
scheme is the ease with which it can be embedded
into unified models of electromagnetic, weak,
and strong interactions. In most models the elec-
tric charge of a state is related to the triality of
its color representation; only triality-zero irreps
have neutral states.

In particular, for SU(5) the irrep with highest
weight in 24 & 24 is the 200, which contains the
SU(2)"SU(3)' [SU(1)] irreps

3*')e(3 6')

e(3, 6*')e(1,8')e(3, 8')e(2, 15')e(2, 15+')e(1 27')

where the U(1) charges of all irreps with zero
SU(3)'triality are zero. " Thus the (1,27') set of
scalars carries no flavor at all. The one glow
singlet in the 2V', although strongly interacting,
is rarely produced and would be difficult to de-
tect; the rest of the 27' is confined. (We do not

analyze the bound states with a scalar here. ) The
200 is by far the smallest irrep of SU(5) with a
27c

A similar discussion can be made for SO(10)
and E(6). In SO(10) the 27'breaking is in the 770
only, which is the highest weight in 45& 45; the
only 27' is in the SU(5) 200 piece of the 770. In

E(6) the irrep of highest weight in adjoint times
adjoint is the 2430 and the only 27' is in the SO(10)
VVO. After spontaneous symmetry breaking the
exact local symmetry of these theories could
easily be U(2)-SO(3)~SU(1)', not U(3)-SU(3)'
C8: U(1)', as is supposed in the usual approach.

We nom turn to the much more speculative is-
sues of the glom-singlet masses and production.
DGJ expect from bag-model considerations that
a gluon cloud of extension 1/p, forms around any
state that is not a color singlet. The self-energy
of the gluon field contributes to the mass, and so
the color nonsinglet states are much heavier than
the color singlets. In their picture it is p. and not
the QCD scale parameter A that determines the
mass of color nonsinglets; for small IL(. al/ frac-
tionally charged states should be very heavy (of
order I/p). 4 '~ However, this limit is uncertain:
Georgi has argued that @CD is broken in a first-
order phase transition, in which case p, cannot be
arbitrarily small, "the 18 mass spectrum is dis-
continuous at a finite p, , and there is no small-p
limit.

We examine here two possibilities, supposing
that p, is less than, but not much less than, A.

The first is similar to the DGJ scheme, where
the shielding of the 5~ gluons from a 1g state with
color may require a gluon cloud with volume larg-
er than the usual hadronic volume. In particular
this could be a significant contribution to the
mass of the 1~ Higgs particle in the 27', but it is
difficult at present to get a reliable estimate of
this contribution. (Note that the Higgs particle
could be mistaken for a glueball. )

A second possibility, because all the gluons
carry glom, is for the volume of the gluon cloud
of a l~ state to be determined by the confinement
mechanism of glow. Then the 53' gluon contribu-
tion to the 13: masses could be small, since it
mould be controlled by the scale parameter of
SO(3)g [which is A because for Q'» p, ', the run-
ning coupling of SU(3)' is the same as its unbrok-
en subgroups]. Then the 1~ diquarks in Eq. (2)
have masses like the qq mesons, the qqq 1~

states in Eq. (3) have masses like baryons, and
the quark-gluon masses should lie between bary-
on and glueball masses.

We now speculate why production processes
could be sufficiently suppressed, even if p/A is
not very small. Imagine separating a diquark
and an antidiquark starting from a separation
«1/A. Note first that'since the diquarks are
composite particles, there is a form factor sup-
pression to get into this channel, as exists for
specific hadrons such as pp. As the separation
increases beyond 1/A, but is still less than I/p, ,
the confinement mechanism of @CD acts very
strongly to rearrange the system into color sin-
glets. Thus, when the separation of the system
reaches 1/p, , few glow singlets have survived
Beyond 1/p, the system freely decomposes into
the asymptotic states of mesons, baryons, and
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glow singlets.
Copious production of diquarks might be achieved

at lower energies in heavy-ion collisions. I et us
suppose that the interaction region can be viewed
as a quark gas at an elevated temperature in ap-
proximate thermodynamic equilibrium. Then the
effective confining potential of QCD may be con-
stant over the interaction region, and the prob-
ability of finding glow singlets (that are not color
singlets) separated by large distances should be
greatly enhanced.

The diquark Q is a strongly interacting particle
with interaction range similar to the color-singlet
hadrons, unless p is very small. The @CD de-
scription of the collision region should be unal-
tered, since @&200 MeV. Neither the color-sin-
glet states formed during the final stages of the
collision nor the final-state (glow-singlet) di-
quark couple to the 5~ gluons, and so the charac-
ter of the final-state interactions should be simi-
lar to those in meson-nucleon scattering. If the
mass estimates above are also qualitatively cor-
rect, we should not expect any deeply bound
states.

The stability of the triality + 1 states, such as
the quark-gluon or antiquark-diquark states, de-
pends on mass relations. In this regard QN (or
Q-nucleus) scattering is of special interest. If
the QN threshold is above the lowest-mass tri-
ality-one state, then the QN may annihilate to it
plus photons or mesons. The lowest-mass tri-
ality-one state would then be nearly stable, since
its decay to diquarks would have to proceed by in-
teractions similar to those responsible for pro-
ton decay in unified models.

The more exciting possibility technologically is
for the lowest-mass triality-one state to have a
mass greater than the gN threshold. Then the
lowest-mass Q state is not only stable against
weak decay, but it is not annihilated in interac-
tions with nucleons. If this state is the uu anti-
quark as speculated above, then it should form
long-lived Q-nucleus "atoms" of size around 50
fm.

Not all implications of the symmetry breakdown
to glow are associated with fractional charge.
For example, a glow singlet such as the electri-
cally neutral Higgs particle and a nucleus could
form a composite with shortened interaction
length.

Finally, for such charge —~ uu diquarks, we
stress an enormously important application. In
the event that they can be mined or produced in
high-energy collisions and are not annihilated in

collisions with nucleons, these Q's can be used
as a catalyst in fusion reactors. As detailed by
Zweig, ' the perfect catalyst is a relatively light,
stable, charged —~ "quark" that does not bind
very strongly to nuclei. A charge less than —1

greatly enhances the binding in, for example, D-
D or D-T molecules. For Q masses of order 600
MeV, the molecular size is small and the fusion
rapid. ' Typical temperatures projected for fu-
sion reactors are -10 keV, which should be suffi-
cient to free a large fraction of the Q's from atom-
ic states in the resultant fusion products.
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We apply a theory of hadronic final states based on the notion of elongated quark-anti-
quark structure to the multiparticle production in e e annihilation. Our results com-
pare very accurately with the available experimental information.

PACS numbers: 13.65.+ i, 12.40.Cc

The study of the structure of hadronic final
states produced in high-energy collisions is re-
cently attracting a considerable amount of experi-
mental interest. In particular, the analyses car-
ried out at PETRA' have demonstrated that the
hadronic final states produced in high-energy
e e annihilation show a characteristic jet struc-
ture, that is being tentatively interpreted in terms
of quarks and gluon jets. Similar results appear
to emerge in the analysis of inelastic states pro-
duced in proton-proton collisions at CERN inter-
secting storage rings at vs —50 GeV, ' revealing
striking resemblance between these final states
and the ones produced in e'e annihilations.

In thi. s Letter we wish to draw attention to the
fact that one such theoretical framework exists
in the massive-quark model (MQM)' and quark
geometrodynamics (QGD),' and to show that it
leads to an extremely accurate description of
hadronic final states in e e physics from 3 to 30
GeV c.m. energy. We will also argue that the
success of this approach casts doubts upon the
current theoretical interpretation of high- spheric-
ity (high-Pr) events in e e annihilation as being
due to gluon jets. Furthermore, it should be
stressed that, having at our disposal such a pre-
cise tool, to describe hadronic final states, we
can use it in the future to analyze the mechanisms
of production of final states in a variety of hadron-
ic processes, from proton-proton to deep-inelas-
tic lepton-hadron scattering.

Before presenting our results, let us recall
briefly the main theoretical points of our approach.

(i) Multiparticle states originate from the decay

of well-defined physical objects, elongated quark-
antiquark structures.

(ii) These structures are coherent superposi-
tions of physical qq (mesonic) states, with differ-
ent angular momenta and approximately degen-
erate masses. In three-space they describe the
notion of quark-antiquark waves moving freely
inside a cylinder of length R, increasing with
mass, and a constant (or logarithmically increas-
ing) radius &r.

(iii) The decay of a given structure is described
by a sequential process, in which the initial struc-
ture decays into two mesonic states, and so on
until all the energy of the initial pq system is
spent in the production of hadronic stable parti-
cles (~'s, K's, and q's).

The theoretical basis of (i) and (ii) has been
described at length in several previous papers. ' '
Here we shall only recall that the elongated struc-
ture is the confined qq state which most closely
reproduces the structure of quark-partonic (un-
confined) states.

In the QGD framework, the basic decay [see
Fig. 1(a)] of the elongated qq structure (S) into
two such structures,

s(M) -s, (m, )+ s, (m, ), (&)

can be calculated by the space-time overlap of the
wave functions (WF's), available from QGD. ' In
particular, in Ref. 6 we have given the expression
for the kernel, A chain in the case of the kine-
matically favored decay

S —p, + S'(m'), (2)

where p denotes a low-mass mesonic state. It
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