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The family replication problem is addressed in the context of the dual standard model. The bre
of a simple grand unified group tosGlow 3 H1 3 H2 3 H3dyZ3

5 , and then further toGlow , produces a
spectrum of stable monopoles that falls into three families, each of whose magnetic quantum nu
correspond to the electric charges on the fermions of the standard model. HereGlow ­ fSUs3d 3

SUs2d 3 Us1dgyZ6 is the symmetry group of the standard model above the weak scale, andHi are
simple Lie groups which each have aZ5 symmetry in common withGlow . [S0031-9007(97)02401-0]

PACS numbers: 12.60.Rc, 12.10.Dm, 14.80.Hv
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In his 1962 paper, Skyrme [1] made the radical sugge
tion that baryons and mesons may be seen as the soliton
what is now known as the Skyrme model. More recently,
has been realized [2,3] that one can take Skyrme’s progr
further and construct a “dual standard model” in which th
magnetic monopoles correspond to the quarks and lept
of the standard model. In this program, there is no fre
dom to add particles to the spectrum since the spectrum
monopoles is completely determined by the topology of t
model. If successful, such a program would reproduce t
charge spectrum of standard-model fermions, their gro
representations, their space-time transformation propert
and, ultimately, the mass spectrum and dynamics of int
acting fermions, making it possible to answer questio
that have long eluded current particle physics models.

In [2,3] it was pointed out that breaking a grand unifie
SU(5) symmetry results in a charge spectrum of stab
magnetic monopoles in one-to-one correspondence w
one family of standard-model fermions. The symmet
breaking under consideration was

SUs5d ! Glow ­ fSUs3d 3 SUs2d 3 UY s1dgyZ6 , (1)

and the scalar field masses were chosen so that the l
range SUs3d 3 SUs2d interactions between monopoles i
stronger than the UY s1d interactions. The charge spectrum
of the stable monopoles in this model is shown in Table

While the correspondence between the monopoles of
SU(5) model and a family of standard-model fermions
remarkable, it is by no means complete since the sta
dard model has three families of light fermions, not on
The existence of three families of light fermions has lon
been an outstanding problem in particle physics [4]. It
this problem that we now address: We find a symmet
breaking that yields three families of monopoles with th
magnetic charge spectrum of each of these families c
responding exactly to the electric “charge” spectrum of
family of standard-model fermions.

The strategy we adopt for obtaining three families o
monopoles is to build upon the correspondence of SU
monopoles with quarks and leptons. In essence, we w
the SU(5) monopoles three times over. For this, w
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s-
s of
it
am
e

ons
e-
of

he
he
up
ies,
er-
ns

d
le
ith

ry

ong
s

I.
the
is
n-

e.
g
is
ry
e
or-
a

f
(5)
ant
e

consider a symmetry breaking pattern of the kind

G ! K ;
fSU0s5d 3 H1 3 H2 3 H3g

fZs1d
5 3 Z

s2d
5 3 Z

s3d
5 g

, (2)

whereG and Hi are all simply connected groups. (The
Z5 factors in the denominator can be generalized toZn

where n $ 5 but n fi 6. We consider onlyn ­ 5 as
it is the simplest.) TheZ

sid
5 si ­ 1, 2, 3d contain group

elements that are common to SU0s5d andHi . A specific
example isHi ­ SUis5d, with Z

sid
5 the center ofHi . Then

K ­ SUs5d4yZ3
5 , that is, all four SU(5)’s share a common

Z5 center. A possible choice forG is SUs54d ­ SUs625d,
but smaller groups may also work [5]. Since the spectru
of monopoles depends only on the incontractable clos
paths inK, the actual choice ofG is immaterial as long as
G is simply connected.

Consider the incontractable paths inK . An example
of such a path is one that starts on the identity, travers
SU0s5d to an element ofZ

sid
5 , then returns to the identity

throughHi . This is a closed path that is incontractable
because of the discrete nature ofZ

sid
5 , and corresponds

to a monopole with SU0s5d andHi charge. We call this
monopole a “digit.” Similarly, there are paths that pas
throughHi and Hj si fi jd and avoid SU0s5d altogether;
these correspond to a monopole which is a singlet
SU0s5d but which hasHi and Hj charge. We refer to
these as “sterile” monopoles. All other incontractabl
paths (and hence all other monopoles), such as those t
pass through SU0s5d and several of theHi , can be built
out of these two types of paths.

TABLE I. “Charges” on stable SU(5) monopoles and thei
corresponding standard-model fermions. Monopole an
fermion-representation degeneraciesdm anddf are also given.

n SU(3) SU(2) Us1dY dm ­ df

11 1y3 1y2 11y6 6 su, ddL

22 1y3 0 21y3 3 dR

23 0 1y2 21y2 2 sn, edL

14 1y3 0 12y3 3 uR

26 0 0 21 1 eR
© 1997 The American Physical Society 1223
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We next break the SU0s5d to Glow ­ fSUs3d 3

SUs2d 3 UY s1dgyZ6, the low energy symmetry group
The pre-existing digit monopoles from the symmet
breaking in (2) will now get SU(3), SU(2), and UY s1d
charges. In addition, new monopoles lying entirely in t
SU0s5d sector will be produced sinceGlow has its own
incontractable closed paths. We refer to these as “pu
monopoles. The UY s1d charge on a pure monopole i
five times the UY s1d charge on the digit with the sam
SUs3d 3 SUs2d charges. To see this, note that the i
contractable path for the digit (produced duringG ! K)
need only traverse between elements ofZ

sid
5 shared with

the UY s1d. For example, there is a pure monopole cor
sponding to the path that traverses the entire UY s1d circle;
but there is a digit with the same SUs3d 3 SUs2d charges
whose path traverses only one-fifth of the UY s1d circle
and then closes by traversing a path in theHi factors.
So, at this stage, there are two types of monopoles: dig
with nonzero 3-2-1 andHi charges, and pure monopole
with zeroHi charge and a UY s1d charge that is five times
the charge of the digit with the same 3–2 charges.

The next step is to break each of theHi to Z
sid
5 since

we want the low energy symmetry to be the usu
Glow . This symmetry breaking does not yield any ne
monopoles, but it does produceZ5 strings that confine the
digits into clusters of 5 with each cluster being a sing
of the Hi . Since this cluster is a singlet of all theHi , its
topological charge agrees with the topological charge
the corresponding pure monopole. Hence the SU(3)
SU(2) charges and the hypercharge on all the monop
are given by the usual values shown in Table I. At th
stage, the sterile monopoles also get connected by str
into Hi singlets. But since the sterile monopoles ha
no SU0s5d charge, the clusters of sterile monopoles a
topologically trivial and can decay to the vacuum. T
exception to this statement would be if the cluster
fermionic (as of course we must imagine all the oth
clusters to ultimately be if they are to correspond
standard-model fermions). Fermionic clusters of ste
monopoles would correspond to right-handed neutrinos

Now that the charge spectrum of the monopoles agr
with that shown in Table I, we need to count the differe
monopoles of each 3-2-1 charge. For this we look at
interactions of the digits in a cluster. The digits intera
by exchange of 3-2-1 gauge and scalar fields and, by
argument identical to that in [6], a cluster of 5 digi
would be unstable to declustering in the absence ofZ5

strings. But theZ5 strings provide a confining potentia
and do not allow the cluster to disperse. This shows t
the pure monopoles are unstable to decaying into a clu
of digits that are confined by strings.

The digit clusters confined byZ5 strings in each of
the three Hi ’s will turn out to be the three families
of monopoles corresponding to the three families
standard-model fermions. A cluster composed of dig
having charges in differentHi ’s is unstable to decay into
1224
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a cluster with digits having charge in a singleHi . We
show this by explicit construction in a concrete example

We realize that nothing changes if SU0s5d is re-
placed byGlow ­ fSUs3d 3 SUs2d 3 UY s1dgyZ6 directly
in Eq. (2) since theZ5 center of SU0s5d is contained in
UY s1d. Consider now the specific symmetry breaking,

G ! fGlow 3 SUs5d3gyZ3
5 ! Glow . (3)

The monopoles formed in the first stage of symme
breaking correspond to all closed incontractable paths
the unbroken group which have the form,

Pfsg ­ exp

"
is

√
n3T8 1 n2l3 1 n1Y 1

3X
i­1

miL
i
24

!#
,

s [ f0, 4pg ,

whereni andmi are integers. The generatorsT8, l3, Y ,
andL

i
24 of SU(3), SU(2), UY s1d, and SUis5d si ­ 1, 2, 3d,

respectively, generate the centers of these groups. T
are normalized to satisfy

ei4pnT8 ­ e2i2pny31, ei4pnl3 ­ ei2pny21 ,

ei4pnY ­ ei2pny301, ei4pnL
j
24 ­ ei2pny51 ,

j ­ 1, 2, 3 ,

where n is any integer and1 is the identity element of
G. Note the normalization of UY s1d generatorY here
differs from that of Table I by a factor of 5. ForPfsg
to be closed we needPf0g ­ Pf4pg, and so we have the
following constraint on the integersni , mi :

n1

30
1

n2

2
2

n3

3
1

m
5

­ integer, (4)

where m ­ m1 1 m2 1 m3. The only monopoles in
which we are interested are those with nontrivial hype
chargesn1 fi 0d since those withn1 ­ 0 will be topologi-
cally equivalent to the vacuum once the SU(5)’s bre
down in the second stage of symmetry breaking. Now
want to find all possibleni, mi so as to satisfy (4) with
n1 fi 0.

We want to restrict our attention to those solutio
that lead to stable monopoles. Following [2,3,6], w
consider scalar field masses such that the long ra
SUs3d 3 SUs2d interactions are much stronger than th
UY s1d interactions. We also assume mass parame
such that the UY s1d interactions are much stronger tha
the SUs5d3 interactions, so that the SUs5d3 interactions
play no role in the stability analysis of monopoles wi
n1 fi 0 and the results in [2,3,6] apply directly. Hence th
monopoles withn1 ­ 5 andn1 . 6 are unstable to decay
(similarly, for negativen1). We can therefore restrict ou
attention ton1 ­ 1, . . . , 6.

Note that if we do find a solution, adding 3 ton3, 2 to
n2, 30 to n1, or 5 to m will also yield a solution. These
correspond to adding closed paths that are trivial in
case ofn3 and n2 and nontrivial in the case ofn1. In
the case of adding 5 tom, the additional closed path ma
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be trivial or nontrivial depending on how the 5 is spli
between themi . But, since the SU(5)’s will ultimately
be broken, the monopoles corresponding to the nontriv
closed paths in the case ofm will cluster in topologically
trivial configurations. So we restrict our attention to

n3 ­ 0, 61, n2 ­ 0, 1 ,

n1 ­ 1, . . . , 6, and m ­ 0, 61, 62 .

Note that, at this stage, these monopoles have on
one-fifth of the desired values of UY s1d charge. The
monopoles from the first stage of symmetry breaking a
shown in Table II.

Consider the masses of the digits shown in Table
The n1 ­ 1 digit hasm ­ 21 and so could be any one
of sm1, m2, m3d ­ s21, 0, 0d, s21, 21, 1d, s21, 22, 2d (or
permutations thereof). Assuming that the monopole ma
is proportional to its charge as in the Bogomolny-Prasa
Sommerfield (BPS) case, this tells us that the square
the masses goes like

M2
1 , TrfsLs1d

a d2g ,

M2
2 , TrfsLs1d

a d2 1 sLs2d
a0 d2 1 sLs3d

a00 d2g ­ 3M2
1 ,

M2
3 , TrfsLs1d

a d2 1 sLs2d
a0 1 L

s2d
b0 d2 1 sLs3d

a00 1 L
s3d
b00 d2g

­ 5M2
1 1 4TrsLsid

a L
sid
b d .

While TrsLsid
a L

sid
b d , 0, sa fi bd, jTrsLsid

a L
sid
b dj #

TrfsLsid
a d2g ­ M2

1 [in SU(5), this inequality is5 , 20],
so M2, M3 . M1. Thus the lightestn1 ­ 1 digit is
indeedsm1, m2, m3d ­ s21, 0, 0d, s0, 21, 0d, or s0, 0, 21d.
Equivalent calculations for higher charge monopole
show that the lightest digits have charge in a singleHi .
For example, forn1 ­ 3, sm1, m2, m3d ­ s22, 0, 0d (up
to the three permutations). Therefore the lightest dig
come in three families with the family identified by thei
for which mi is nonzero.

In addition to the digits shown in Table II, there are
sterile monopoles for whichni ­ 0 but mi fi 0. These
will form topologically trivial clusters once the SU(5)’s
break. There are also pure monopoles for whichmi ­ 0
but ni fi 0. For these,n1 ­ 5, 10, 15, 20, 25, or 30
only. We have already argued [below Eq. (4)] that all o
these are unstable because then1 ­ 5 monopole is unsta-
ble and the others haven1 . 6. Then1 ­ 5 monopole is
unstable to fragmentation into ann1 ­ 2 and ann1 ­ 3

TABLE II. ni, m for the digits and digit stability.

n1 n2 n3 m Stable?

1 1 1 21 yes
2 0 21 22 yes
3 1 0 2 yes
4 0 1 1 yes
5 1 21 0 no
6 0 0 21 yes
t

ial

ly

re
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monopole since these two monopoles interact mainly
the repulsive hypercharge interaction. Similarly, then1 ­
np . 6 are unstable to fragmentation into ann1 ­ 6 and
an n1 ­ np 2 6 monopole. The instability ofn1 ­ 5
monopoles in our model is crucial to the realization that
contains three families of monopoles.

When the SUis5d break to Z5, the digits must bind
into clusters with trivial SUis5d charge, i.e., SUis5d charge
which is a multiple of 5. Note the clustering will multiply
the UY s1d charges of the monopoles by a factor of5,
bringing them to the desired values. In the cluster
jmj ­ 1 digits, the m’s on each digit will all live in
the same SUis5d since they have to be confined byZ5

strings belonging to the same SUis5d factor. For the
case jmj ­ 2, since the lightest digits have charges i
a single SUis5d, we expect the stablem ­ 2 clusters to
be composed of fivem ­ 2 digits having charges in the
same SUis5d. In general, a cluster with higher energ
will decay into a cluster of lightest digits since these a
related by differences of 5 sterile monopoles which a
equivalent to the vacuum.

Now that we have three families of stable monopol
(clusters of digits) with the proper UY s1d charges, we
would next like to determine the monopole degenerac
within each family from SU(2) and SU(3) arrangemen
of the clusters.

Consider first the SU(2) arrangement of a cluster of fi
n1 ­ 1 digits. These could take any one of the five form
sUUUUUdi ; 5Ui, 4Ui 1 Di , 3Ui 1 2Di , 2Ui 1 3Di ,
Ui 1 4Di, 5Di , whereUi is the n2 ­ 11, mi fi 0, and
Di is then2 ­ 21, mi fi 0 digit. (We have suppressed
the SU(3) labels for convenience.) However, while the
is an attractive SU(2) force between both twoU ’s and be-
tween aU and aD, the latter is stronger [3], and hence
the lowest energy configurations will be3Ui 1 2Di and
2Ui 1 3Di . We identify the former as being dual to the
uL, cL, andtL quarks (fori ­ 1, 2, 3), the latter to thedL,
sL, and bL. Similarly, we could consider the SU(3) ar
rangement of the3Ui 1 2Di cluster. Labeling the SU(3)
charges byb, g and r, the most tightly bound clus-
ter will have the color arrangements2b 1 2g 1 r ­ r̄,
2b 1 g 1 2r ­ ḡ,̌ or b 1 2g 1 2r ­ b̄. Hence we see
that then1 ­ 1 cluster does have the desired degene
acy. The above arguments apply straightforwardly
the n1 ­ 2, 3, 4, and 6 clusters, and it can be explic-
itly checked that they all have the desired degenerac
as indicated in Table I. The digits and stable clusters a
tabulated in Table III.

We have now identified the fundamental fermion
of the standard model and demonstrated how triplic
tion occurs dynamically. Notice that there is no clea
prediction of the existence or absence of right-hand
neutrinos, since these are topologically trivial (at lea
in the 3-2-1 sector). However, there are certainly ma
potential candidates, namely, the clusters of ster
monopoles.
1225
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TABLE III. Arrangement of digits and clusters and correspo
dence to standard model fermions. (The generational and c
indices are suppressed.)

n1 Digit Clusters SM

1 s U
D d s s3U12Dd

s2U13Dd d s uL
dL

d
2 DL ; U 1 D 5DL dL

3 s ER

NR
d ; s 2U1D

U12D d s 3ER 12NR

2ER 13NR
d s eR

neR
d

4 UR ; 2U 1 2D 5UR uR

6 E1
L ; 3U 1 3D 5E1

L e1
L

In [2,3] several issues not resolved in the earlier
present) version of the dual standard model were poin
out. These had to do with the spin and chirality
monopoles. Conceivably, a resolution of these proble
will indicate that the monopole spectrum we have fou
will have additional degeneracies. For example, th
could be monopoles with the same internal charges
different spins. Such a degeneracy might account
the electroweak Higgs, since it has the same inter
charges as the electron-neutrino doublet. The issue
would be to investigate why the monopole field du
to the electroweak Higgs acquires a vacuum expecta
value. These issues are hard to address since they
nonperturbative, but we hope that they can be addre
within a lattice formulation and studied analytically in
supersymmetric context.

Some phenomenological issues arise in the dual s
dard model that we now address. The first issue is
the monopoles corresponding to the proton and to
positron have the same charges, and so topology doe
forbid this transition: Proton decay should be possib
But baryon and lepton numbers are approximately c
served in the standard model, and so the proton decay
in the dual standard model had better be suppressed.
suppression can only come from dynamical argume
This is possible classically if there is an energy barr
that prevents three loosely clustered monopoles, which
would identify with a proton, from collapsing and formin
a tightly bound monopole, which we would identify wit
a positron. Such a barrier is indeed present, as can
seen by constructing the interaction potential between
n ­ 1 and ann ­ 2 SU(5) monopole as done in [3,6].
would be of interest to see if this barrier survives wh
going beyond the classical level calculation. Anoth
issue is that of the rate of flavor changing processes.
the present model, at quark monopole can convert to au
quark, but the process requires an intermediate state
is a pure monopole with the charges of au quark. We
know that the pure monopole has higher energy than b
the t andu quarks. So the decay of thet monopole to the
1226
n-
olor

or
ted
f

ms
d
re

but
for
nal
hen
al
ion
are

sed
a

an-
hat
the
not

le.
n-
rate
his
ts.
er
we

be
an

t
n

er
In

that

oth

u monopole is a classically forbidden but quantum m
chanically allowed process.

Within the philosophy of the dual standard model,
is interesting to note that SU(5) cannot be the ultima
symmetry of particle physics since it does not yield th
three families of particles that we know to exist. If th
model described in this paper is the only way to get thr
families, it tells us that the true symmetry group must b
large enough to contain

fGlow 3 H1 3 H2 3 H3gyfZs1d
5 3 Z

s2d
5 3 Z

s3d
5 g .

Another important prediction of the current model i
that the digits, and not the quarks and leptons, are
fundamental building blocks of matter. Ultimately, w
should see these preonic components in the laboratory

The successful resolution of the family replicatio
problem in the dual standard model offers a glimmer
hope that the spectrum of standard-model fermions can
understood in terms of the topology of certain manifold
To us it seems that this is not unlike the classification
baryons and mesons in terms of group representations
It is too early to say, however, if the present attempt w
meet with the same degree of success.

G. D. S. is supported by an NSF CAREER award, a
T. V. by the DOE.

[1] T. H. R. Skyrme, Nucl. Phys.31, 556 (1962).
[2] T. Vachaspati, Phys. Rev. Lett.76, 188 (1996).
[3] H. Liu and T. Vachaspati, Report No. hep-thy9604138,

CWRU-P2-96 (to be published).
[4] M. Gell-Mann, P. Ramond, and R. Slansky, inSuper-

gravity, edited by P. van Nieuwenhuizen and D. Free
man (North-Holland, Amsterdam, 1979); K. Enqvist an
J. Maalampi, Nucl. Phys.B191, 189 (1981); F. Wilczek
and A. Zee, Phys. Rev D25, 553 (1982); P. P. Divakaran,
Phys. Rev. Lett.48, 450 (1982); P. H. Frampton and T. W
Kephart, Nucl. Phys.B211, 239 (1983); Phys. Rev. D
51, 1 (1995); J. Bagger and S. Dimopoulos, Nucl. Phy
B244, 247 (1984); Nucl. Phys.B258, 565 (1985); J. Bag-
ger, S. Dimopoulos, E. Masso, and M. H. Reno, Nuc
Phys. B258, 565 (1985); P. Arnold, Phys. Lett.149B,
473 (1984); S. M. Barr, Phys. Rev. D37, 204 (1988);
N. A. Batakis and A. A. Kehagias, Mod. Phys. Lett.A7,
1699 (1992); A. Hernandez-Galeana, W. A. Ponce, a
A. Zepeda, Z. Phys. C55, 423 (1992); Z. Kakushadze and
S. H. Tye, Report No. CLNS-96-1412 (to be published).

[5] We thank John Preskill for giving us this example ofG.
[6] C. Gardner and J. Harvey, Phys. Rev. Lett.52, 879 (1984).
[7] M. Gell-Mann, Caltech Synchrotron Laboratory Re

port No. CTSL-20 (1961) [reprint, M. Gell-Mann and
Y. Ne’eman,The Eightfold Way(Benjamin, New York,
1964)]; Y. Ne’eman, Nucl. Phys.26, 222 (1961).


