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Fractional Charges, Monopoles, and Peculiar Photons
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A grand unified model is proposed which incorporates a "peculiar" photon in addition to
the familiar photon. The model is constructed to reconcile the possible observations of
fractional charges and monopoles. One way to have the weak-mixing-angle prediction agree
with the phenomenological value is to require the peculiar photon to couple more strongly
than the regular photon.

PACS numbers: 12.10.En, 14.80.Hv, 14.80.Pb, 98.80.-k

Within recent years we have heard two experi-
mental reports which, if confirmed, would have
far-reaching implications. We refer, of course,
to the observations of fractional charges by La-
Bue, Phillips, and Fairbanks' and of a magnetic
monopole by Cabrera. ' The fractional charges
are in integral multiples of g =-,'e. The reported
monopole appears to have precisely the magnetic
charge g =1/2e predicted by Dirac. ' lf both of
these experiments are correct, then Dirac's
quantization condition gp =n/2, with n an integer,
is clearly contradicted. We will now suppose
that both experiments are indeed correct and ask
how one can reconcile them with Dirac's condi-
tion, which follows from exceedingly general con-
siderations. One possibility' which immediately
suggests itself is that there is, in addition to the
U(1) of electromagnetism, another exact local
U(1)' symmetry of nature. Suppose then that the
observed fractional charge also carries a U(1)'
charge q' and that the observed monopole has a
magnetic charge under U(1)' of g'. Dirac's argu-
ments now lead to the requirement that gp+g'p'
=n/2. This condition may then be satisfied with-
out either gq or g'q' being of the form n/2.

The existence of a hitherto undetected exa;ct
local U(1)' symmetry and its asso"iated photon
(which we will refer to as the peculiar photon
y~) would have exciting consequences for labora-
tory experiments and cosmology. Here we wish
to construct a grand unified model which incor-
porates this phenomenon.

Considerable theoretical lore and experimental
evidence favor the proposition that color is con-
fined. Since there is no indication that the frac-
tional charges observed by LaBue, Phillips, and
Fairbank carry color' we will hold to the color-
confinement doctrine. In particular it is easy to
incorporate unconfined fractional charges into a
grand unified model by extending the gauge
group, "say, from SU(5} to SU(7). An attractive
feature of the SU(5) model is that the correlation

between quarks having three colors and their
having electric charges in units of —,

' e is neatly
realized. When one goes to SU(7}, one pays the
heavy price of losing this feature. We will de-
scribe below a model which maintains this cor-
r elation.

Monopoles occur" naturally in most grand
unified models as a stunning consequence of non-
Abelian gauge symmetry. Let us now set up the
framework for our discussion and, at the same
time, briefly remind the reader about monopoles.
We start with some gauge group which is bro-
ken down to H =SU(3), U(1), 8 U(1)'. Outside
the monopole core, the long-range gauge fields
lie inside H and are described by the potential
A ~ =iQ(1 —cos9) in spherical coordinates in the
appropriate gauge. Here Q denotes a generator
of H which satisfies the constraint (Dirac quanti-
zation condition) e"" =J, where I is the identity
of II. Monopole stability analysis'" imposes ad-
ditional constraints on the SU(3), components of

We now have to find two U(1}'s in G with gener-
ators Q, and Q, ' such that a Q satisfying the
constraints mentioned above can be constructed
as a linear combination of Q, , Q, ', and a gen-
erator Y, of SU(3),. Furthermore, ordinary
quarks and leptons are to have zero charge under
Q, ' to avoid obvious conflicts with Coulomb's
law and the Eotv'os experiments. Of course, Q,
and Q, ' also have to be orthogonal to each other.
Finally, the model is to con.tain the objects seen
by Cabrera. and LaHue, Phillips, and Fairbank.

This set of constraints led us to the choice
=SU(5) S SU(5)'. We embed SU(3),SSU(2) in
SU(5) in the standard manner and find [in the
fundamental representation (5, 1)8 (1,5)]"

y, =(-;, --', , —r, o, o; 0, 0,0, 0, 0),

Q~m =(3 r~ 3 ~0~ —1; s, —3, —S,O, O),

Q, ' = (0, 0, 0, 0,0; -', , -', , -', , 0, —1)
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[we are displaying the diagonal elements of vari-
ous diagonal matrices, and the semicolon sepa-
rates the components in the two separate SU(5)
factors]. The desired matrix Q is given by Q
=~(Y, + Q, +Q, ').

Since the coefficient of Q, in the above equa-
tion for Q is ~, the monopole has exactly the
Dirac value for its magnetic charge as is ob-
served by Cabrera.

As is evident, our discussion is not tied specif-
ically to SU(5) 8 SU(5)'. There is a whole class
of models that one can construct, of the form G

=SU(5) 8 O'. In particular, we ean simply erase
the ninth entries in Eq. (1) and go to the more
economical model G =SU(5)8SU(4)'. (Incidental-
ly, this rank-7 group is the lowest-rank group
which we have found for our purposes. ) However,
we rather like the suggestive symmetry of the
generators displayed in Eq. (1). Q, ' is just the
Georgi-Clashow charge for SU(5)'. We see that,
by taking a dir ect-product structure, w e main-
tain the correlation between the number of colors
and the quark charges, since the generators
must be traceless in each group factor.

We assign fermions to f(5*,1)@f(10,1)+(1,5)
(1, 5*), where f is the number of families. A

bare mass term mz (1,5) (1,5*) links (1,5) and

(1,5*), giving five Dirac fermions with tree-
. level masses m&. The Higgs representations
include whatever Higgs fields are needed to
break to H. We could choose quantum numbers
appropriately so as not to have any Higgs-field
coupling to fermions besides the usual (5, 1)q
needed to give mass to ordinary matter. One'
could also obviously choose not to do this. [An-
other alternative is to have, instead of, or in addi-
tion to, fermions in (1,5)+ (1,5*), an anomaly-
free set such as (1,5*)+ (1,10) to allow for a re-
flection symmetry between the two SU(5)'s. ] One
might then have a massless fermion &~, an analog
of the neutrino, with zero Q, and zero Q,
This particle will decouple early in the universe
and would only affect the helium abundance through
its contribution to the energy density.

Let SU(5) be broken to SU(3) 8 SU(2) 8 U(1), at a
mass scale~ and SU(5)' to U(1),8 U(l), at a mass
scale i''. Subscripts distinguish various U(1)'s.
At a mass scale M the subgroup U(l), 8U(1), is
then broken to U(1)~. Finally, at - 300 GeV,
SU(3) 8 SU(2) 8 U(1)„8U(l), is broken down to H.
The group U(l), is unbroken and is identified with
U(1), '. In principle, m~ is arbitrary, but one
might want to say" that m& is of the same order
as M'. [In contrast to the SU(7) theories, ' mass

terms for peculiar fermions do not break SU(2)
8 U(1) and so m~ is not constrained to be below
-10' GeV-) For the sake of simplicity and defi-
niteness let us take~, ~V', and M all to be the
same order of magnitude, MG UT

- 10"GeV. Thus,
below ~oUT, we have the symmetry SU(3) 8 SU(2)
8U(l), 8 U(1), '.

The model has a global U(1) symmetry corre-
sponding to opposite phase rotations on the fermi-
ons (1,5) and (1,5*). We call the associated con-
served quantum number peculiarity. " Ordinary
quarks and leptons have peculiarity P =0. The ob-
ject seen by LaRue, Phillips, and Fairbank is
then a peculiar fermion. " There are, in addition,
in the model, two peculiar fermions with integral
Q, and zero Q,

Peculiar particles interact among themselves
by grand-unified-level feeble interactions and by
the two electromagnetic interactions. They inter-
act with ordinary matter solely via ordinary
electromagnetism, always conserving peculiarity.
Thus, the Universe does not develop a net peculi-
arity.

The experimental situation on the allowable
abundance of peculiar matter is not totally clear.
One might naively deduce" a limit of the order
10 "for the ratio of densities of peculiar matter
and of ordinary matter n~/n~ if one ignores vari-
ous complicated effects (concentration on niobium
s'pheres, for instance). There is a spectrograph-
ic limit for anomalous particles which is relevant
only if the peculiar particles are light. "

In order to discuss the cosmological abundance
of peculiar matter we first have to decide whether
or not we subscribe to the inflationary-Universe
scenario. " Suppose we do. Then any density of
peculiar matter existing prior to inflation will
have been diluted to essentially zero by the time
the Universe reheats itself back to the tempera-
ture T,h. Peculiar particles are regenerated in
pairs by processes like yy -PP, oo -PP (o de-
notes ordinary particles and I', peculiar parti-
cles). But, if m~ & T,h, then these processes are
suppressed by the Boltzmann factor exp( —2m~/
T,q). The ratio of the present density of peculiar
matter to that of photons is then essentially con-
trolled by this factor (modulo corrections such
as subsequent reheatings of the photon gas). With
2m'/T, „-50-100 the abundance of peculiar
matter to ordinary matter could be made suffici-
ently small, say of order 10 ', but this number
is clearly extremely sensitive to the precise
value of m~/T„h. This is very similar to the re-
cent discussion of monopole generation. " (For
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~p ~ T h see below. )
In a noninflationary universe, at high tempera-

ture, T +~, peculiar matter maintains a reac-
tion rate of n(vo), h«~, ~

- T'(&'/T'). Comparing
this with the Hubble expansion rate of -g"'T'/
Mp~ [g(T) is the number of degrees of freedom
at temperature T; M p, is the Planck mass] we
find that, as the universe cools, peculiar matter
comes into equilibrium with ordinary matter at a
temperature T ~

- &'Mp~/g"'-=M~ - 10""GeV.
As the universe cools below ~~ the reaction rate
between the two kinds of matter becomes sup-
pressed by the Boltzmann factor and so peculiar
matter eventually decouples from ordinary mat-
ter at a temperature TD determined approxi-
mately by

~2 1/2Z 2

(m T )"'exp
T~ ng~ Mp )

(2)

(We neglected the fact that there are many reac-
tion channels. ) The density of peculiar matter
relative to the entropy density at that time, (np/
s)D, is very roughly of order ~p'/(g' &'TDMp~)
(if we assume rnp»D). The present value of
(np/nR), is thus approximately

n~ 10"~~ 10 6~~n, s
'"

(g'~ cPM, ) (1GeV)
'

We have used the fact that T~/mp as determined
by Eq. (2) is a very slowly increasing function of
m&. (For m~- 10 GeV, TD/mp - 3.) (Peculiar
photons maintain thermal contact by interacting
with peculiar matter only. We will suggest later
that the peculiar electromagnetic coupling is
stronger than ordinary electromagnetic coupling.
Thus, after decoupling from ordinary matter,
peculiar matter and peculiar photons continue to
interconvert until reaching a lower decoupling
temperature T D'. The present density of peculiar
matter is thus suppressed somewhat further. )
We conclude that, without inflation, if m&&M~
&10""GeV peculiar matter would never have
been in equilibrium" and thus we could not calcu-
late its abundance. For m& much below ~~, we
see that even for nz~ as low as order 10' GeV

&&&jn~ is too large. (Goldberg" has, however,
argued that subsequent concentration and annihila-
tion of I' and I' in massive stars may reduce the
abundance to acceptable levels. ) We favor m~ to
be large, of grand unified scale.

After decoupling from ordinary matter, peculi-
ar particles drift in the Universe. Inside galax-
ies they attain a typical virial velocity v -10 '.
To estimate the stopping distance of these frac-

tionally charged particles in terrestrial matter
we use Bohr's ionization energy-loss formula
and obtain a stopping length roughly of the order- (10 km)[mz, /(10" GeV)]. We expect that most
of the negatively charged peculiar particles, after
coming to rest, would attach themselves to atom-
ic nuclei by electrostatic attraction. For m&

& 10"GeV we find that the Earth's gravitational
pull on this peculiar ion is overwhelmed by the
electrostatic binding force in matter, which we
take to be roughly of order - e'/r' where & is the
average interatomic separation. Thus, at least
some peculiar particles are expected to stay
near the Earth's surface.

With the symmetry-breaking scales ~, M',
and M„and the mass of peculiar fermions, mz,
chosen to be all of the order 10""GeV, the run-
ning of the couplings below this scale obeys the
same equations as in the standard analysis. "
However, the starting value of sin'0 is slightly
different. We find that at low energies, p,

sin'0

1+[~ + (2 ——;,f)(r/r') UU T'][~ (~)/~. (~)]
6+ (3 —f~f)(a'/a')GU T

The factor u j~, denotes the ratio of electromag-
netic coupling to strong coupling at low energies.
[Here g and g' denote coupling at the grand unifi-
cation scale normalized by specifying the coup-
lings of the normalized gauge fields 8'„B, C,
and D to their respective generators:

gN', T~+ g,BY/2+ (g'/W2)CQ, '+g'DY, '/2.

Y/2 and Y, '/2 are the generators of the group
U(1), and U(1), mentioned earlier. ]

Since the coupling for U(1), ' does not run be-
low M GUT in our particular version of the model,
g'/~2 =e' measures the coupling of the peculiar
photon at low energies. It is easily checked that
the standard neutral-current phenomenology is
maintained, in accordance with general theo-
r ems."

The standard value for sin'I9 corresponds to
setting (g/g')' =0. The present experimental
value" of sin'L9~ is 0.215+ 0.014. The deviation
of sin'9& from the standard value can be made
less than the experimental error bar if (g/g')~UT'

The unification scale M and the coupling
&«I are modified only very slightly.

Note added. Our interest in this subject was
inspired by a talk given by J. Preskill at the
Wingspread Conference" and also by a private
communication from him. We understand that
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there is a related work by H. Georgi and J. Pres-
kill. After this work was completed we received
a paper by J. Pantalone on the same subject. We
understand that there is also a paper by S. Aoya-
ma, Y. Fujimoti, and Z. -y. Zhao (which we have
not seen).
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