Prespacetime Journal| October 2012 | Volume 3¢1$8Y pp. 1159-1167 1159
Rowlands, P., What Is the Meaning of Fractional Electric Charges?

Article

What Is the Meaning of Fractional Electric Charges?

Peter Rowlands®

Dept. of Physics, Univ. of Liverpool, Oliver Lodge Laboratory, Oxford Street, Liverpool, L69 7ZE, UK

Abstract

The aim of this essay is not to challenge any aeceprea of physics. The theory of quark
phenomenology remains unaffected, as does the qatysiodel of quarks based on fractional

electric charges. However, it would seem that &edht underlying or hidden symmetry may

lead to a more successful resolution of at least tvajor problems in contemporary physics:

Grand Unification and the application of the Higgechanism to fermion masses. In particular,
it would seem that the fractional electric chargequarks arise from the gauge invariance of the
strong interaction and do not determine the despmmetries of the GU gauge group. The Han-
Nambu representation has never been disprovediedrat of favour more or less by accident.

It would make sense to see if it can lead to insigh other problematic areas of physics,
especially as it leads to testable predictionsiwitiur current experimental capacities.

Key Words:. fractional electric charge, quark, gauge invariar@eand Unification, physical
assumption, FQXi, essay contest.

One of the most successful components of the Stdmdadel of particle physics is the theory of
the strong interaction, which is explained as adobetween ‘coloured’ quarks mediated by
massless gluons and described by the non-Abeliagegtheory of quantum chromodynamics
(QCD). There is no doubt that this theory has sttmtest of experiment to a high level of
precision and gives us the correct explanatiomefstructures of the composite particles known
as baryons and mesons, which are respective tluad-cand quark-antiquark ‘colourless’
combinations. Six quarks are now known. They astributed between three generations, each
composed of twaveak isospin states — up / down, charm / strange, top / bottdraracterized in
each generation by the weak isospin parametert2 — and there are a corresponding number
of antiquarks. Each of the quarks comes in thréeucs, arbitrarily named red, green and blue.
The three quarks in a baryon may be from any gépargor flavour) or from either isospin
state, but must include one quark from each othhee colour options. So, protons are made up
of two up and one down quark, and neutrons of tardquarks and one up, but each has one
guark that is red, one that is green and one thhtue. Mesons are made up, similarly, of one
guark and one antiquark of any flavour or isospates but they must be of the same colour /
anticolour to preserve the colourless nature ottiraposite state.

In order to explain the structures of the baryonmd mmesons then known, the originators of the
quark theory, Murray Gell-Mann and George Zweiguased that the up quark had an electric
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charge of 2 / 3, wheree is the fundamental electronic charge, while thevdauark had a
charge of e/ 31* Subsequent discoveries showed that this pattes repeated in the two
further generations for the charm / strange and tagtom quarks. Antiquarks were assumed to
have the same electric charges with reversed sigre phenomenology of quantum
electrodynamics (QED) has shown over many expetisndrat quarks do behave as though
constituted in exactly this way, with interactidmstween charges with fractional valuesof he
three quarks could also be considered to contribgteally to the unibaryon number, B = 1,
which indicated the presence of a source of thengtinteraction and which is assumed to be
identical for all baryons, however constituted.
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up 2/3 /3 /3
B/3 B/3 B/3
down -/3 -/3 -/3

B/3 B/3 B/3

There is no doubt that this is a successful antc@igs correct formulation. Quarks behave in
QED in exactly the way that the theory predicts] #imeir fractional electrical charges are an
established part of their structure, irrespectivéhe energy of the interaction. However, it is not
necessarily an absolute guide to the possibly niumdamental symmetries that underlie the
formulation. We have observed that baryons aretoacted from three basic components that
have charges ofeX 3 or -e/ 3, but this does not mean that this is the stnectiemanded by the
symmetry groups determining their behaviour at a more fundamelgeael. Physics has been
shown to have a number bfidden symmetries which are not necessarily those thatrgen
directly from experiment. In working out the QEDda@CD phenomenology of quarks we have
necessarily developed a picture of three physjailticles’ interacting by a force known as the
strong interaction, which has been observed to haxtain identifiable characteristics. However,
it may be that a more fundamental approach wouildl@ge a more abstract basic principle
which would lead to structures that could be phalbranterpretable as a force between a group
of three particles, but that originated at a deépezl of explanation.

A particularly interesting fact, which is seldomwionentioned in textbooks, is that the original
coloured quark theory of M. Y. Han and Yoichiro Nambu whictiowed on from the first quark
theories of Gell-Mann and Zweig proposed a differassignment of electric charges to the
quarks> Han and Nambu saw that exactly the same resuliisl & obtained usinigtegral and
zero charges and assigning an integral baryon nutatzesingle quark.
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In this representation, ‘colour’ came about becatlse quarks were actually different in
structure. In the Gell-Mann-Zweig version (GM2Z)istihad to be added subsequently as an extra
property. It is important to realise, however, tha two models are, in fact, merely different
representations of the samghysical theory, and, from the point of view of quark
phenomenology, represent exactly the same phyBEncaigh it has been sometimes claimed that
the Han-Nambu formulation (HN) implies that thereisnbe a high energy regime where the
integral nature of the charges will be revealed #red colours become distinguishable, this is
looking at the problem from a phenomenologicalheatthan an abstract fundamental, point of
view. If the fractional nature results from an edxsgmmetry of nature, such as the perfect gauge
invariance of the strong interaction, then no swahsition will occur.

This used to be recognised by authors of textboaksarticle physics. Frank Close, for example,
wrote in 1979: ‘Imagine what would happen if théocw nonsinglets were pushed up to infinite
masses. Clearly only colodr[singlets] would exist as physically observablates and quarks
would in consequence be permanently confined. At famite energy we would only see the
‘average’ quark changes and phenomenonologicallgaudd not distinguish this from the Gell-
Mann model where the quarks form three identidplets.® Of course, if the strong interaction
W(3) is an exact symmetry, as experimental evideodar seems to suggest, then the fractional
electric charges we observe will not be ‘averagésit exact values, reflecting a perfect
equivalence between the different coloured statgshases of the interaction. They will be QED
or electroweak eigenstates.

When the quark theory was first proposed, no foaeti charges had been observed in any form
of physics. Subsequently, however, the fractionsanqum Hall effect was discovered, and
electrons appeared with effective charges b8, e/ 5 and other fractional valuésn principle,
this was because an electron or other fermion cfuufd a pseudobosonic combination with an
odd number of magnetic flux lines and so effecyivethare itself out between them, with the
consequent appearance of nonintegral charge vatugsnteresting to imagine what would have
happened if the effect had been discovered befuwreqtuiark theory was postulated. It might
never have occurred to anyone that true fractionatges could actually exist.

In fact, the discoverer of the fractional quantumllHffect, Robert Laughlin went so far as to
suggest the connection with particle physics inNbel Lecture: ‘The fractional quantum Hall
effect is fascinating for a long list of reasonst i is important in my view primarily for one: It
establishes experimentally that both particlesyoagran exact fraction of the electron chagge
and powerful gauge forces between these partitdescentral postulates of the standard model
of elementary particles, can arise spontaneouslyerasrgent phenomena. Other important
aspects of the standard model, such as free fesmretativity, renormalizability, spontaneous
symmetry breaking, and the Higgs mechanism, alrdeye apt solid-state analogues and in
some cases were even modeled after them, butdnattguantum numbers and gauge fields
WereBthought to be fundamental, meaning that omketbgostulate them. This is evidently not
true.

Despite all this, the underlying representationedasn integral charges has seemingly dropped
out of view entirely in the last thirty years. law never disproved, but just faded away, despite
the repeated citation of the HN paper as the orgficolour theory. If a reason needed to be
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given for this, it would be that the phenomenol@ypports fractional charges, which is, of

course, true for both representations. It wouldrs#&at the building of large accelerators and the
opportunities they provided for experimental inygation of models tended to concentrate effort
into providing detailed prediction and interpretatiof the phenomenology and that, if an

established model was able to do this, then the® o point in looking at alternatives which

provided identical results.

So, why does it matter which representation we itiskeey both lead to the same model for
QED? The answer here is that some physical thedapend on deeper and sometimes hidden
symmetries which may not be obvious but have afsignt effect on the predictions that can be
made. There are two areas where the deeper syrametight produce significantly different
results for different representations of a modeicWigives the same QED phenomenology. One
is in Grand Unified Theory (GUT) and the othernghe Higgs mechanism as applied to fermion
masses. Now, Grand Unification might be considerediccessful idea but not yet a successful
theory. That is, the principle seems sound, butyedgo achieve a successful resolution. The
theory begins with the (successful) Glashow-WeigkgalamSU(2) x U(1) unification of the
electric and weak interactions. This is governedth®y weak mixing angle parameter %,
which is effectively the ratio between the weak atettric couplingsd / a,).

Georgi and Glashow were able to extend this towenrdsding the strong interaction in a Grand
Unified (GU) scheme, based on ti&J(5) group, by showing that, in any such scheme
determined by a single GU gauge group?&irwould be given by the ratio of the sum of all the
squared units of weak isospin for the fermionshaf Standard Model to the sum of all their
squared units of electric charg@)(*°
. Tr (tz)
sSin® @, = —p24.
NG

If we take the weak components with only left-hathdentributions to weak isospin, for the first
generation of quarks and leptons, that is, forl8ws ofu, 3 colours ofd, and the leptons and

v, we obtain:

W&Q=%XS:Z

Quarks and leptons have identical units of weakpsg and so this summation will be the same
for GMZ and HN, and will also be the result expdcter phenomenology. But for the electric
charge structure, the summations of GMZ and HN avlkrge. For, GMZ and phenomenology,
with both left- and right-handed contributions e tfirst generation, we obtain

Tr(QZ): 2x(6x3xlx3+1+0j :E
9 9 3

from which sirf8y = 0.375.
For HN, however, we have

Tr(Q)=2x(1+1+0+0+0+1+1+0)=8,
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leading to sif@y = 0.25.

Steven Weinberg is one of a large number of autiwbis have observed that the value 0.375 for
sinf8y is in ‘gross disagreement’ with the experimen&llie of 0.231 at around the mass-energy
of the Z particle Mz = 91 GeV)*!' On the other hand, 0.25 is relatively close ts thlue and
would be even closer (with some small second ooderections) if the effect of the direct
production ofW andZ bosons at their mass-energhdg andM; is taken into account (or if the
0.25 occurs at the vacuum expectation energy (2#8) Gther than awly or Mz). In addition,
0.25 is the value that would be obtained purelynfriie leptonic contribution, and it is rather
curious that the value for a purely electroweakapeter should be different in the quark and
lepton sectors.

Another curious aspect of the original ‘minin&J)(5)’ GUT proposed by Georgi and Glashow is
that it doesn’t actually unify the pure interacsorfor, though the theory begins with the
equations for the running weak and strong couptingstants, derived from their respective
V(2) andSU(3) structures:

2
1 _1_5 M

a,(u) a, 6m 1P
1 1 7, M

— - D n=x
a(u) ag am ot

(whereMy is the GU energy scaleg is the fine structure constant at this energy ansl the
energy scale of measurement) it assumes that #ed gunified gauge group structure will
modify the equivalent(1) equation for the electromagnetic coupling (@)/assumed (in this
theory) to be

and

1 1 5 M2
—~=—+—In—%,
a(/J) a, 3 W’

to one in which it is mixed with the weak valuesed onSJ(2) x U(1). So, now we have

1 1. 1, M

=—+—In ,

a(u) as 6m 4
5 1 1
where +—==
() a, a

From these equations, we derive a grand unifiecsrmeale 1x) of order 16° GeV, and from

s g =)
= )

we find ‘renormalized’ values of iy at the measurement scale of order 0.19 to 0.21.
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The idea was a breakthrough when first proposetdthHsuproblem, as is well known, is that it
doesn’'t work. The curves representing the variatiohnthe parameters;, o> and as at different
energy scalesyf don’t actually cross at a point or anything vetgse to one, leading to the
somewhatd hoc proposal that a supersymmetric model may be tiye soiution?? In addition

we are forced to use a combined electroweak paesmdtich makes assumptions about group
structure, and relies on a particular value for shjeared ‘Clebsch-Gordan coefficient’ of the
group,C?> =1/ sif8y— 1 = 5/ 3, that has, as yet, no experimentaheoretical justification —
though it is clear that using the equation for pueely electric fine structure constant would
clearly not have produced anything closely resemgblinification. Unifyingelectroweak, weak
and strong parameters seems to be rather lessncomyithan if we had used the original
electric, weak and strong, while the assumed vafusirf8y = 0.375 at GU suggests that the
electroweak unification is not even then complegethe two forces are not an equal footing. In
addition, the convergence, such as it is, is tloreur orders of magnitude below the scale of
the Planck energy at which quantum gravity is agsuio operate, suggesting that another
principle will be needed to include gravitation.tBaven worse than all these is the fact that,
compensating errors in the combination tend toudssgthe massive inconsistencies between the
separate equations for the coupling constantsaiticplar, recalculation of the value of &y at

4 = 10° GeV gives 0.6 rather than the 0.375 which wadaihjt assumed in setting up the
equationst®

It has long been recognised that the symmetrieshefSU(5) group, when applied at a
fundamental level to quarks using the GMZ represtét, do not provide the correct answers,
thoughSU(5) has many of the aspects that we would requine fa GU group. What happens,
then, if we switch to the HN representation? Here have arindependent value for sifi@y = a /

a, of the right order, and we can perform a much gmpalculation forMx without making
assumptions about the group structure, by avoitiegproblematic running coupling constant
equation for 1 /oy, using only the more secure equations foradk &nd 1 /as. In addition, the
hypercharge numbers for thé(1) electromagnetic running coupling equation widlw be no
longer identical to those for a quark model basaely on QED phenomenology. The fermionic
contribution to QED vacuum polarization is, for G

ﬂxéx(jlx3+jlx3+}x3+ﬂx3+éx1+éx1+i)ﬂg:Ji'
3 2 (36 36 9 9 4 4 4 3n

whereng = 3 is the number of fermion generatiprgd the terms in the bracket represent,
respectively, the squared average charge in tpis@uark doublet, the squared charges of thekguar
the squared average charge of the isospin leptoblelp and the squared charges of the leptonsorall
both left- and right-handed stat€sbut, modifying this for HN, we obtain:

ﬂxlx 1x3+1x3+1+1+0+0+0+1+£x1+1x1+1
3 2\4 4 4 4
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This result corresponds to a change in the squaletisch-Gordan coefficient fro® = 5/ 3 to
C? = 3, when sifdy = 1 / (1 +C? changes from 0.375 to 0.25. With the new valueshave
obtained for the hypercharge numbers, the runniogpling of the pure electromagnetic
interaction, will be:

Leaving out the speculative equation for &;/ and, for the moment, this new one for &, but
using the well-established ones for d&./and 1 /a5, and siR@y = a/ as, we obtain

Taking typical values fop = Mz = 91.2 GeV,a5(Mz?) = 0.118 (or 0.12)a(Mz%) = 1 / 128, and
sif@y = 0.25, we obtain a value for the GU energy s¢hlg = 2.8 x 10" GeV) which is
extraordinarily close to the Planck value (1220"° GeV)>* and may well be exactly so, as
purely first-order calculations overestimate théugaof Mx.*® Assumingthat My is the Planck
mass, we obtaiag (the GU value for all interactions) = 1 / 52.4dam(Mz?) = 1 / 31.5, which

is exactly the kind of value we would expect foe thieak coupling with sfily = 0.25 close to
Mz. To provide an independent check on the validitthe procedure, we camow make direct
use of the equation we have derived ford, with the new hypercharge numbers and GU at the
Planck mass, to obtain 1d (M7 = 128, which is, of course, exactly the value aiedi
experimentally at energies correspondingitoMz. This appears to be a striking confirmation of
the assumptions made in the first calculation, ilggatb My, as coincidental agreements are most
unlikely for equations involving logarithmic termend it is also potentially very significant, for
it would now appear that the unification which occwat Mx might well involve a direct
numerical equalization of the strengths of thedh even four, physical force manifestations,
without reference to the exact unification struetur

The analysis suggests that, at grand unificat©®h= 0 and sifdy = 1, creating an exact
symmetry in every respect between weak and electiecactions, as well as between weak and
strong, which is completely different from the omlgrtial unification achieved using GMZ, and
linking this with the scale associated with quantgravity. The mixing parameter, $#y, as
normally understood, may then be interpretablehaselectroweak constant for a specifically
broken symmetry, taking the value of 0.25 at the enemyyge where the symmetry breaking
occurs (presumably &f-Mz, or, alternatively, the expectation value of thgds field, 246
GeV), and gradually decreasing from the maximum?@&;j = 1) to this value at intermediate
energies. At GU, we may suppose, all four forces mduced to scalar phases, wilkil)
symmetry and purely Coulombic interaction, all kigtiishing aspects of the weak and strong
interactions having diminished to zero. One of iast significant aspects of the calculation is
that it leads to completely testable predictiorssitee values of the three coupling constants can
be calculated for any energy with relative precisiomm the known values afg and Mx. In
particular, the value otr changes rapidly in a way that can be determinednatgies now
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available to us experimentally. At 14 TeV, for mste, it would have the value of 1 / 118,
compared to 1 / 125 from the minin@J(5) theory of Georgi and Glashdw*

Relatively simple considerations based on resutisi fthe extensive quantum field theories of
the electric, weak and strong interactions, wheduire only a small amount of arithmetical and
algebraic manipulation, thus suggest that, if thé tépresentation is valid, then it has major
consequences for GU, which are accessible by expati Of course, it would also have other
advantages in making quark-lepton unification gmmetry terms) much more likely, as both
sectors would now be characterized by integral gdmrin addition, we would not expect the
deeper symmetry of the GU gauge group to be detexionly by the one component in which a
division by 3 appears, but by principles which atearly more general. In fact, it is not
unreasonable to suppose that the fundamentallgredteature of charges is a strong argument in
favour of unification in that the QED phenomenolagyquarks is determined by the behaviour
of a nonelectric (strong) force, just as the QE@mumenology of electrons in the fractional
guantum Hall effect is seemingly determined by tienelectric (presumably weak) force
involved in creating a pseudobosonic state. Thdlpro faced by having 3 separate ‘units’ of
charge €/ 3, 2/ 3 ande), with its implication that the electron, wid) may not actually be
‘elementary’, would also disappear. Yet, there s even more significant consequence in
relation to the application of the Higgs mechanfenfermion masses.

This has always been recognized as one of the pnostematic anéd hoc aspects of the Higgs
theory. Apart from the fact that there is no knosaale for the coupling which would generate
the observed masses, there is also the fact thgerterate separate masses for the two isospin
states in each generation, we require two diffeingpercharge (or 2 x average charge) units of 1
and -1, yet in GMZ there is only one hyperchardeeséor all quarks, and that is the fractional
value, 2/3. The only expedient then is to ‘invemid hypercharges not justified by the assumed
charge structur€. In the HN representation, however, the differemioars of quark
automatically produce the two hypercharge valuesnd —1, which we require for both isospin
states and which would be repeated in each geaefati

Of course, the leptons are not fractionally chardped there is a separate area of difficulty, here,
for both GMZ and HN. In the past, the lepton masscimanism could be accommodated by
assigning the single hypercharge value in the gesteration to electrons, but the discovery of
neutrino masses means that the opposite hyperckhalhge is now required for neutrinos. It is
possible that this difficulty can be resolved irttbeepresentations if the neutrino is a Majorana
particle, with a low mass resulting from the lowolpability of the neutrino transforming to its
antistate with the opposite hypercharge.

The aim of this essay has not been to challengeaangpted area of physics. The theory of
quark phenomenology remains unaffected, as doegliysical model of quarks based on
fractional electric charges. However, it would seémat a different underlying or hidden
symmetry may lead to a more successful resolutibratoleast two major problems in
contemporary physics: Grand Unification and theliappon of the Higgs mechanism to fermion
masses. In particular, it would seem that the ibael electric charges of quarks arise from the
gauge invariance of the strong interaction andatadetermine the deeper symmetries of the GU
gauge group. The HN representation, suggestednatigi by one Nobel Prize winner and
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indirectly supported by another, has never beeoroved, and fell out of favour more or less by
accident. It would make sense to see if it can l®athsights in other problematic areas of
physics, especially as it leads to testable priesiistwithin our current experimental capacities.
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