
VOLUME 47, NUMBER 19 P H YS ICAL RE VIE%' LETTERS 9 NOVEMBER 1981

Astrophysical Production of Fractional Charge in Broken Quantum Chromodynamics
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The production of states of fractional charge in the early universe and by cosmic rays
is calculated when quantum chromodynamics is broken at a scale less than that of the
quantum chromodynamics scale parameter A. It is shown that it is possible to produce
a detectable abundance of fractional charge states by both mechanisms.
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Since Gell-Mann' and Zweig' first postulated
the existence of quarks with fractional electric
charge (+s e+integer) as the fundamental con-
stituents of hadrons there have been many search-
es for fractionally charged states (FCS). Al-
though all but one of the searches have reported
null results, ' potentially severe chemical and
electrostatic effects make it impossible to inter-
pret the null results as proof that FCS do not
exist. I a Rue and co-workers' continue to find
evidence for the existence of FCS; however,
translation of their result into a universal abun-
dance of FCS is not possible until the chemical
effects are understood. In the absence of any
chemical enhancement, their results suggest a
FCS-to-nucleon ratio of —10

We consider production of FCS in the early
universe and by high-energy cosmic rays in the
solar system. We find that for reasonable values
of the parameters, the abundance of FCS from
the early universe can be as large as 10"per
nucleon, or can be much smaller than 10 "per
nucleon. We also find that cosmic-ray production
can be an important terrestrial source of FCS,
and should lead to an even larger FCS abundance
on the moon.

We will assume that unbroken quantum chromo-
dynamics (QCD) is perfectly confining and that
the existence of FCS signa. ls a breaking of QCD.
(Other possibilities exist, e.g. , fractionally
charged leptons. ) It is attractive to assume that
at short distances QCD is exact, has the usual
triality-electric-charge assignments, and that
FCS exist because SU(3) c is spontaneously
broken at some energy scale p. into a theory that
allows the existence of free FCS.

If QCD is broken at a scale p which is less than
the QCD scale parameter A, ' then in the early
universe at a temperature T =A (T & p) when
quarks condensed into hadrons, QCD would have
been exact. Since we are assuming that QCD
confines, only integrally'. charged, color singlets
would be produced in the quark-hadron transition.

Therefore, any FCS must be produced at tem-
peratures T ~ p,. In previous work, it has been
assumed that FCS is produced during the quark-
hadron transition. '

The first model of broken QCD was proposed
by De Rdjula, Giles, and Jaffe' (DGJ), in which
the local SU(3) c is broken to a global SU(3). Re-
cently Slansky, Goldma. n, and Shaw' (SGS) have
proposed breaking SU(3)c to SO(3)„where SO(3),
is the maximal subgroup of SU(3) c. The results
we obtain apply to both models, although for con-
venience we specialize to the SGS model for our
calculations.

In the SU(3) c-SO(3)s breaking scheme pro-
posed by SGS, the symmetry is spontaneously
broken by a 27~ of Higgs bosons; three gluons
are left massless, while the other five gluons
obtain a mass p.. At short distances (r «I/p)
the effective theory is QCD. Quarks and gluons
are confined, since they all carry SO(3), charge,
and it is assumed that SO(3), confines. The
SO(3), triquark and quark-antiquark singlets are
also SU(3) c singlets and hence have integer
charge. Thus the breaking SU(3) c-SO(3), does
not upset the usual hadron spectroscopy. '

The simplest SO(3), singlets with fractional
charge are quark-gluon bound states and the di-
quark bound states, d. SGS argue that the di-
quark states should have the lowest mass, and
that their mass may not be too different from
typical meson masses. Although we shall dis-
cuss production in this context, neither assump-
tion affects our results since we find that pro-
duction is independent of the mass of the FCS
and whether it is a diquark or quark-gluon bound
state. Accelerator production of the low-mass
diquarks is energetically possible, but the pro-
duction process is suppressed. Since the same
suppression mechanisms also occur in the con-
text of astrophysical production, we will now
discuss diquark production in detail.

Consider the production of a diquark-antidiquark
(dZ) pair in e e annihilation. Production pro-
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ceeds via virtual photon production of a quark-
antiquark (qq) pair, followed by separation of
the qq to a distance» ) p,

' (beyond the range of
the massive gluons) where they may be dressed
to become SO(3), singlet [but SU(3) o nonsinglet]
states. At short distances (A ' &» & p. ') QCD
confining forces oppose the separation of the qq
pair. When r = p.

' these forces decrease and
fall to zero [for SO(3), singlet states] because of
the gluon's finite mass. We shall assume that
for A ' - r - p,

' the potential between the qq
pair is linear: V„-=kr, where r is the separa-
tion between q and q and k is the string constant,
k=1 GeV fm '. ' At a separation r = p, ', the
potential energy in the string is large; V
=(200 GeV) p.~,v ' where p, «v is p, in units of
megaelectronvolts. Therefore the quarks must
either tunnel through the barrier to r - p,

' or
have energy greater than V '". Once the qq
pair have separated (either through tunneling or
by being energetic enough to go over the barrier)
they can be dressed as a. diquark-antidiquark (ddt
state of mass m„ in the SGS model, or propagate
undressed as a free quark and antiquark of mass
m, ~ V '"/2 in the DGJ model.

The probability that the qq pair tunnels through
the linear QCD potential barrier to a distance
= p,

' (where they can become diquarks in the
SGS model) may be estimated for initial c.m. en-
ergies much less than the barrier height as

p r = exp(-2$, y) = exp(-2 x10' p M, v '),
where S,&

is the classical Euclidean action for
the bounce solution of the relativistic quarks.

In either tunneling or going over the top, there
is an additional effect that binders dZ production.
As the string is stretched it is likely that it will
break and produce mesons before reaching a
length p, '. The probability that the string

n„=n„=( qn'- -n')
i vi o-3(R/R)n„, (2)

where n„ is the number density of diquarks,
is the annihilation cross section, n« is the equi. -
librium diquark abundance, and the A/R term
represents the dilution of their density due to the
expansion of the universe. If annihilations are
ignored then the diquark density is given by

n, /n, = fn, 'n. ,'iviodf, (3)

tential suggests p» =exp(-10'p~, v '). If these
estimates are reliable, then even if it is ener-
getically possible to stretch the string far enough
to produce diquarks, for p, 50 MeV the branch-
ing ratio may be small enough to account for the
lack of FCS detection at accelerators. The small-
ness of the vacuum persistence p„and of the
tunneling probability pr also hinder production
in the early universe.

The scenario for diquark production in the
early universe proceeds as follows: At tempera-
tures T much greater than A, quarks and gluons
behave as an ideal gas. Above same critical
temperature T„ the thermal effects of the am-
bient background gas should restore the symme-
try so that SU(3) o is unbroken. A reasonable
estimate for the critical temperature is T,= pg ',
where g is of the order of a gauge coupling con-
stant. " Since it is necessary that p. ( 50 MeV
& A, and g should be of O(1), T, should be less

than A. Therefore, when the confinement transi-
tion takes place (T A) SU(3) o will be unbroken,
and only color singlets (hence integer charge)
hadrons will form in the transition. " Hence,
when it is possible to form FCS (T (T,), produc-
tion must proceed from color-singlet initial
states.

The evolution of the diquark abundance is given
by the Boltzmann equation

stretchs to a distance p,
' without breaking has where n» is the photon number density [n»

been estimated based on experimental informa- =2/3)T'/& ], and the limits of integration are
tion on the width of high-spin mesons, "and on from the time of SU(3) o -SO(3), symmetry break-
the width of charmonium states. " The probabil- ing, t„ to the age of the universe t~. The cross
ity p» of stretching the string to a length p, section in Eq. (3) is equal to the tunneling cross
based on the high-spin-meson widths is p» section if the total c.m. energy, vs, is less than
= exp(-2x10'p, M, v '), while the charmonium po-

i

the height of the barrier V '", and is equal to a
constant if vs ) V '". Therefore Eq. (3) becomes

n~/n»= f n» '[n,~'(/s ( V '") ivy or+n, „'(vs & V '")ivi o~]dt, (4)
C

where the tunneling cross section is ivy o~ =p~p»o, with o, =A ' =m, ', and if s) V "the cross sec-
tion is ivy os=p»o, . With pr given by Eq. (1), the contribution of the first term is negligible if g 1,
and Eq. (4) may be easily integrated to yield a diquark-to-photon ratio of

n „/n» = 10 p M~v gp» exp(-2 & 10'g p uev
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FIG. 1. The FCS-to-nucleon ratio expected from
early-universe production (solid curves), and from
cosmic-ray production (dashed curves) on earth (E)
and on the moon (&~) as a function of the @CD-breaking
scale parameter p, . The temperature at which @CD
breaks is related to p by i', =g p, . For both sets of
curves we have assumed that Py =exp( —2&& &0 py;ev ) .4 -2

Here g relates the temperature of symmetry
breaking, T„ to p: 7,=g 'p, .

Traditionally the FCS abundance has been ex-
pressed relative to nucleons. Since n„=10 "n

z,
the diquark-to-nucleon ratio, n, /n„, may easily
be obtained from Eq. (5). The relative diquark
abundance is shown as a function of p in Fig. 1
for several values of g." %e have integrated
the Boltzmann equation including annihilations
and have found that annihilations are unimportant
if n~/n~(1, so that Eq. (5) is a good approxima-
tion. " Since the c.m. energy required to go over
the barrier is large (= V '"), as long as the FCS
mass is ( V '"/2, FCS production is independent
of the mass [cf. Eq. (5)]. Thus Eq. (5) is also'
valid for the DGJ model where m, ~ V '"/2. [If
m, = V '"/2, there will be kinematic threshold
i'actors which also suppress production, (s
-4m ')"; however, these factors are unimportant
compared to the uncertainties in the exponential
suppression factors, and so we shall neglect
them. ]

Now consider diquark production by cosmic
rays. Diquarks (or quarks in the DGJ model) can
be produced in the debris of high-energy colli-
sions if the c.m. energy is sufficient to produce
a quark jet of energy greater than V "." It
seems likely that for 4s ) 10V '", there will be
a quark jet produced with energy greater than
V '". Therefore for incident proton energies
greater than E, =(10V '")'/2m&„, „, cosmic-ray

collisions will produce dd pairs with probability
p». The flux of cosmic rays with energy greater
than E, is" J(E &ED) = 14.4[ED/(1 GeV) ] '7' cm 2

s '. The total number of diquarks produced is

N„= J(E &E,)AT = 2.5 x10"pw, v"p„,
where we have used the cross-sectional area of
the earth (A =1.3 xl0" cm'), and the age of the
earth (7 =1.4 x10"s), and again have used V
=(200 GeV) p. M, v '. Translation of the total num-
ber of diquarks produced into a diquark-to-nu-
cleon ratio depends on the depth to which the sur-
face material of the earth has been mixed during
the lifetime of the earth. The number of nucleons
on the "surface" of the earth is about 1.7xl0"[I„/
(100 km)], where I„ is the mixing depth. The
FCS abundance expected for E„=100km is shown
in Fig. 1 for p v = exp(-2 x10' p, M, v '). Although
the cross-sectional area of the moon is only
about 7~$ of that of the earth, the fact that the
mixing depth on the moon is probably only O(l m)
means that the diquarks produced have been
mixed with very few nucleons, and so the diquark-
to-nucleon abundance expected is greater than the
terrestrial value:

SQ pl/ l+ p

(7)

The cosmic-ray production of FCS as a function
of p. is indicated by the dashed curves in Fig. l.
Once again, our results apply both in the SGS
model and the DGJ model.

To summarize, if QCD is spontaneously broken
at a scale p, «A, then production of FCS in the
early universe is qualitatively different than if
p, & A. ' For reasonable values of p, (10 MeV - p- 50 MeV) and g (order unity), early-universe
production of FCS can be enormous (nd =n &

=10'On„) or insignificant (n~/n~( 10 '0). However,
it is clear from Fig. 1 that if the lack of FCS
production at accelerators should require p. &20
MeV, astrophysical production of FCS is insignifi-
cant. Cosmic-ray production of FCS may be the
dominant process if g=1, and since the surface
of the moon has been geologically dead for the
past 4 @10'years, one expects the diquark-to-
nucleon abundance in lunar samples to be en-
hanced by about 10' relative to terrestrial sam-
ples. Finally, we note that in both astrophysical
production scenarios discussed here, d and d
abundances should be equal —= -a fact that may be

1359



VOLUME 47, NUMBER 19 PHYSICAL REVIEW LETTERS 9 NOVEMBER 1981

relevant if diquarks are to serve as a fusion
catalyst. "
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A model-independent upper limit on the time-reversal-invariance (TRI) violating ampli-
tude in elastic pp scattering based on a direct experimental reconstruction of the scat-
tering matrix is presented. This analysis is made possible by a set of sixteen polari-
zation parameters measured at the Swiss Institute for Nuclear Hesearch for 579-MeV
elastic PP scattering at six center-of-mass angles between 66 and 86'. Less than 1% is
found for the fraction of TRI-violating cross section.
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Since the discovery of time-reversal-invariance
(TRO violation in the weak decay of the long-lived
neutral kaon, ' no further evidence of TRI viola-
tion in other processes has been found. In the

electromagnetic interactions, measurements of
the neutron electric dipole moment' have shown
no violation to a level of about 0.03%, and until
recently, tests of detailed balance and polariza-
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