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We construct a supersymmetric Aipped SU(5)(3) U(1) model which violates R parity and electron
number at low energies, through a superpotential term z

O' L;IJEk. Rotation of the electron and

Higgs superfields makes this term also responsible for charged-lepton masses. The model employs a
missing-partners mechanism for the Higgs fields and a seesaw mechanism for the neutrinos. It
correctly predicts the approximate electron mass and several mass relations, as well as numerical
values for the grand unification scale and the C" coefFicients. The electron-neutrino Majorana
mass is close to experimental limits, and provides constraints. Interesting Z decays are predicted:
e.g., Z ~e p e+p with invariant mass peaks in the (e,p) channels.

I. INTRODUCTION AND MOTIVATION

It is often said that the most important experimental
signature of supersymmetry is missing energy. In fact
this signature only occurs in those supersymmetric mod-
els which are also R~ invariant and have a neutral light-
est superpartner (LSP). It has recently been stressed that
it is worthwhile searching for supersymmetric signatures
in models without R~ invariance; such signatures are ex-
otic and typically easily identified. ' It is trivial to write
down Rp-violating SU(3)SSU(2 )43 U( 1) models, even
with the minimal field content of Q, O', D', L, E', h, and
h. The bLWO model contains LLE', QLD', and pLh,
while the bBAO model contains U'D'D' in the superpo-
tential. At the SU(3)SU(2)SU(1) level there is little
reason to choose the usual R„-invariant model (conserv-
ing both B and L) over models which violate either B or

In each Inodel the effective theory at the TeV scale
contains a global U(l) symmetry (R~, B or L). Clearly,
experimental searches should be made for all three.
However, this leaves open an important theoretical ques-
tion: which version is most likely to be the remnant of
symmetry breaking at a higher-energy scale' ?

The very simplest unified schemes do tend to give the
standard R&-conserving model. For example, Rz can re-
sult in SO(10) models from the requirement that all in-
teractions have an even number of spinor representations.
In SU(5) theories, LLE', QLD', and O'D'D' all come
from the same operator, which must therefore be absent
to avoid proton decay (see Fig. 1). On the other hand,
there is absolutely no reason that these simplest of all
ground unified theories (GUT's) are the ones chosen by
nature. We find it interesting that only mild additions
are required to obtain an Rz-violating low-energy theory.
Even in SU(5), lepton-number violation can occur at the
renormalizable level in the low-energy effective theory.
This is because Higgs and lepton doublets have the same
gauge quantum numbers and can have mass mixipg. This
case is particularly interesting because the flavor depen-
dence of the lepton-number violation is highly con-
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FIG. 1. Proton decay from U'D'D' and QLD'.

strained. Another unusual possibility is that the extra
low-energy global symmetry is a discrete Z& symmetry
(N )2), as might arise from compactification in
superstring-inspired models. In this case the L or 8
violation which causes LSP decay occurs via higher-
dimension operators.

In this paper we consider a new way of obtaining the
Rt, -violating b,LAO model. Our model is based on the
fiipped SU(5)SU(1) gauge group [SU(5) for short],
where electric charge is embedded partly in each simple
factor. Unlike conventional SU(5) (Ref. 8), this group al-
lows simple operators which yield I.I.E', without giving
U'D'D'. In subsequent sections we describe the model
and its experimental consequences in some detail. Cer-
tainly the model is not perfect: it loses the two good pre-
dictions of conventional SU(5), namely, sin Hii (Ref. 9)
and m& jm, (Ref. 10); it is not even a true GUT in that
the group is not semisimple. Nevertheless, we find some
elegant and unusual features, together with some con-
strained predictions, which we list here.

(i) This model has the fewest superfields of any super-
symmetric SU(5) model known to us, all in low-
dimensional representations (5's and 10's).

(ii) Decuplets (10, 10) of SU(5) break SU(5)U(1) to
SU(3)SU(2)U(1) and leave light Higgs doublets in a
very elegant missing-partners mechanism. "

(iii) The grand unified scale is generated dynamically
by renormalization-group scaling of supersymmetry-
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breaking scalar masses.
(iv) The Higgs mixing term mhh, with m at the weak

scale, is generated by the same symmetry that suppresses
low-energy B violation.

(v) The incorrect mass relation of conventional SU(5),
md /m, =m, /m „,is absent.

(vi) The charged-lepton masses do not arise from Yu-
kawa couplings of the unified theory. The p and ~ masses
arise from the same higher-dimension operators which
are responsible for the L violation, which is therefore
highly constrained.

(vii) The electron mass occurs at even higher dimension
and is consequently small.

(viii) A seesaw mechanism makes neutrinos light, with
v a candidate for dark matter.

(ix) The electron neutrino has a Majorana mass close to
its present limit from neutrinoless double beta decay.

(x) Z ~e p+e+p, where each (e,p) pair has invari-
ant mass equal to m (V~), occurs with a large branching
ratio if m (Mz /2. If sneutrinos are heavier,

Z —+e ~+e+~ is the dominant signal, but is too rare to
be seen at CERN LEP.

To avoid processes such as prey and Kz ~pe, we

cannot allow strong violation of several lepton family
numbers. ' Of the nine terms ,'C'~"L;L E—k (by an. tisym-

metry of the generation indices i and j), each of which
violates exactly one or three family numbers, our theory
must allow only those that violate a single family num-

ber. Our model primarily violates electron number. The
strictest limits on our coefficients C ' and C ' then
come from the electron-neutrino Majorana mass.

II. A SU{5) MODKL WITH ELECTRON-NUMBER
VIOLATION

Our model employs a discrete symmetry called q~ (re-

placing R~ or the H~ Hsymmetry of —Ref. 7), which

has been chosen to allow the operator which contains
LLE' but forbid B violation. Our left-handed chiral
superfields have the following SU(5) structure, U(1)
charge, and gp charge

F, =(10, 1, —1), f, =(5, —3, 1),
E =(1, 5, —1), H=(10, 1, 3),
H=(10, —1, 4),
h=(5, —2, —2), h=(5, 2, 4) .

Here i,j,k are generation indices (1 to 3). The matter
multiplets contain

cal generation of the GUT scale in Sec. III), while the
remaining fields in H and H acquire GUT-scale masses
from the missing-partners mechanism ' (along with the
triplet parts of h and A, ) and the super-Higgs effect. The
doublet parts of h and h are the low-energy Higgs fields,
taking VEV's in the h5 and h5 directions; these become
the isospin + —,

' piece of the h doublet (hypercharge —
—,')

and the isospin —
—,
' piece of the h doublet (hypercharge

+ 1)
2miqp/8

Under qp, 0—+i 0 and superfields transform as e
so for a superpotential term to be invariant the sum of
the gz charges must equal 4 (mod 8). To zeroth order in

1/Mz our superpotential is simply

8' '=k'(F;F.h+A, gF;f~h+A4HHh+A. 5HHh . (3)

(HH) Hfh+A, M "(HH) hh

(5)

The combination of fields which couples to h will be the
one we call the low-energy Higgs field; this coupling is re-
sponsible for breaking Peccei-Quinn (PQ) symmetry and
allowing both Higgs fields to take VEV's, ' so that our
theory correctly breaks SU(2)1 U(1)~~U(1)FM. Let us
first rotate the L; (which are still degenerate, being mass-
less) so that the linear combination of these which cou-
ples to h is now called L& then rotate this I.

&
with h such

that the linear combination which couples with h is now
called h':

This generates down-quark masses, up-quark masses, and
the missing-partners mechanism.

The lepton-number-violating term arises at first order
in e=—(MG /M~) (where MG is the GUT scale):

W'"=A ~Mp 'Hff8'~ ,'C '"L;L,—Ek (4)

as H takes its VEV, so we expect C ' & e. In formulating

gp, we saw immediately that no symmetry could allow
down masses (FFh ), charged-lepton masses ( hfE'), and
the L-violating term of (4) (HffE'), without also allow-
ing the 8- and L-violating term HFFf. We could have
chosen to retain hfE' but not HffE', violating L
through a term (HH )"Hfh ~pLh. Then a rotation of L
and h would generate ,'C'~ LLE' —with C ' and/or C
dominant, as in Hall and Suzuki's SU(5) model. Instead,
we chose (by our choice of gp ) to disallow the hfE' term
and generate lepton masses (for p and ~ only) from
HffE', by the rotation of L, and h.

This rotation is due to the superpotential terms

C
Qp

Q3, f— Q3

0 d3 d2 d] 0)
0 d) d2 u~

(2)

h'=c&h+s, L~ L] =c&L& s&h

L2 =L2, L3=L3 .

0 v'
e

The rotation angle is given by s, /c, =p/m.
The lepton mass matrix is now generated from Eq. (4):

H and H take CPUT-scale vacuum expectation values
(VEV's) (H4~ ) = ( H45 ) = V (we will explore the dynami- (7)
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Since C'~" is antisymmetric in (i,j ) the first term gives
masses to the muon and tau only, smaller than the quark
masses by O(e), while the electron remains massless. A
term

W' '=k M (HH) fE'h (8)

gives a small electron mass of e (h'); we will find from
M~/Mp that e=0.04 in our model, so m, =MeV. The
electron is light because it is the combination of L, that
rotated with h. The second and third terms of 8'"
violate lepton number as desired. The rotation also
a6'ects the down-quark mass term:

A, I'Q, hDJ ~c,AI'Q;h, 'D' s, A,I'—Q, LID' . (9)

The second term is electron-number violating, diagonal
in the quark Qavors, and dominated by the third quark
generation: D ' Q3L, D3. From (7) and (9) we see

C212 1
) C313

s, &h') ' s, &h')

D 111 1 d

c, &h') (10)

D 212

c, &h)' c(h)
With the diagonalization of the lepton and quark mass
matrices, all other lepton-number-violating coefBcients
vanish except for the three terms terms C, which must
be taken small by fiat. Our theory violates only electron
number.

The electron-neutrino Majorana mass diagrams of Fig.
2 constrain the rotation angle. Too much rotation
(p ))I ) makes D ' large and Fig. 2(a) dominates, with

2 43 Ab S1 mbM3/2
m~(v, ) = (2 eV, (1 la)

16m ci h' mb,

M3&2=1 TeV, (h') =130 GeV,

mb, =7.6M3/2 I = 1.5M3/2
(12)

we calculate a barely acceptable mass for 2 =0. 1 and
s, =0.38. This allows us to predict (in the sense that the
given values require the least fine-tuning of A) the O'J"'s
and D'~"'s from (10).

To achieve this rotation angle we must make
A,~/A, c=2X10 . Then to get the weak scale right in
Eq. (5) (with A, c = 1), we find e= 0.04.

The neutrino seesaw mechanism is driven by the term

W' '=A, M (HH) (FH) (13)

v' gets a Majorana mass of order e M~=4X10' GeV;
then the A, 2 term couples v' to v, giving v a seesaw mass:

2I
4 X 10' GeV

=3 X 10 eV(e), 0. 1 eV(p. ), 100 eV(r), (14)

with m, =70 GeV. The v, is cosmologically stable and is
a constituent of the dark matter.

Undesirable superpotential terms are neatly suppressed
by gp.

where the limit is obtained from neutrinoless double-
beta-decay experiments. Too little rotation (p ~ m )
makes C ' large and Fig. 2(b) dominates, with

2c, m ~3&2
mM(v, )=

2
(2 eV . (lib)

16ir s, h' m,

Reconciling (1 la) and (1 lb) forces us to make the rotation
angle about 20' and the A parameters (renormalized
down to M3/2) small, about —,', . Small values for the A' s

are plausible from the renormalization equations if
A = —4MO at the Planck scale; Eq. (All) of Ref. 13 pre-
dicts Ab, A „(M&&2 ) = A +4MO [another possibility is to
take Ab and A, of opposite sign, so (1 la) and (1 lb) tend
to cancelj. With'

"e LI bc

IL

W' '=A, pMp
' (HH) HFFf+A, GMp

' (HH) FH

+AHMp (HH )

The first violates 8 and L, while the second and third
threaten the Aatness of the H =H= V direction. Actual-
ly we need A, H 10 to avoid this pitfall. Other highly
suppressed or unimportant terms are collected for
completeness's sake in 8 ' '.

W' '=Mp (HH )Hhhf +Mp (HH ) HHFf

+M (HH) HFh+M &z(HH)5HHHhE'

"e LIIL
+Mp

' (HH ) HHHf . (16)

FIG. 2. Radiative corrections to electron-neutrino mass.
We do not have exact mass relation predictions, but up to
Yukawa couplings we expect
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m(p)/m (c)=m (r)/I (r) =E=0.04 (experimentally=0. 08, 0.03),
m (s)/m (c)=m (h)/m (t) =c, =0.9 (experimentally =0.15, 0.07),
m(e)=e (h')= MeV (experimentally=511 keV) .

(17)

(18)

(19)

Other numerical predictions of our model are

MG/Mp =0.04,
m(v)=2 eV(e), 0. 1 eV(p), 100 eV(r),
C'"=P.PP2, C»3=0 034

D212 P PPP6 D313 P P15

(20)

(21)

(22)

with other C' .'s and D' 's small or zero. Note the larg-
est C'~" is indeed 0 (e) as expected.

down in energy: (m~+m~), (mz+m~), or (ml, +mz).
It is easy to make mz scale less quickly than m~ by mak-
ing k& and A,z small compared to A,4. Making the h
masses scale more slowly than the H masses is more
difficult. It turns out that the HHh term contributes
equally to the renormalization scaling of mz and m~, so
the correct breaking depends on gaugino masses only.
We start with Ref. 16, Eqs. (A20) —(A23), then eliminate
all terms involving P, A, &, or Az', set A4=A5—:A, ; and define
rnlr = ( mls +m~ ) /2, etc.; to get

III. RENORMALIZATION SCALING BEHAVIOR

In this section we will find g& =g5 at MG, we will
derive the gaugino mass relation necessary for our model
to break down correctly to the standard model, and we
will explore the origin of the GUT scale.

g, is the coupling constant associated with the norrnal-
ized U(1) charge q =&1/40 Q, Q being the charge given
in Eq. (1). From renormalization scaling of known low-
energy couplings, ' g5(MG) =0.724 (from a3 and o.z) and
g~(MG)=0. 703 (y =&3/5 1; and taking sin 8~
=0.228). Since we know

(m&)= 6A, (2m &+m I, +A )
16m'

2—g (144M', +M', )

(m )= 6A (2m +m +3 )H h

2

(96M +4M )

(26a)

(26b)

y =v'24/25 q+ +1/25 Tz~ (23)

we can define an angle Oz analogous to the Weinberg an-
gle:

To have the right-hand side of (26a) greater than that of
(26b), we must have, at MG,

g~ =g
&
&25/24 cos8» =g5 &25 sin8»,

tang» =V 1 /24
(24)

M] (MG ) ~ 4M5(MG ), (27)

discouraging any thoughts of a nearby superunification
into SO(10). For a comparable analysis in the SU(5)
model of Antoniadis et al , see Ref. 14. .

Equation (26a) determines the GUT scale, from

—
( —,'MDA. 'A, '+H. c. ) . (25)

We take all scalar masses mz equal, all trilinear soft
breaking coefficients A equal, all bilinear coefficients B
equal, and all gaugino masses M0 equal, all O(M3&z), at
Mz. We must ask which sum goes negative first as we go

The known values give us sin~8»=0. 0377 and g&/g~=0.97 at MG. An SO(10) embedding would predict
sin 8» =0.04 and g, /g5 =1. Without committing to
SO(10), we will hereafter take g, =g5—:g.

We must be sure the vacuum breaks correctly, since
there are three Aat directions in our model:
(H ) = (H ) = V, (I'; ) = (H ) = 0'(for one value of i), and
(h ) = (h ) =U. The direction chosen by the theory to
break the SU(5) symmetry and define the GUT scale de-
pends on the renormalization behavior of the scalar
masses. The supergravity supersyrnrnetry-breaking La-
grangian is'

Xsx= —m„~ A;~ —[A W'3(A;)+BWq(A;)+H. c. ]

Let

m ~(t =0)=m„, m ~(t =inc)=0 . (28)

�

18k, 6 A

1677.

29g M

16m
(29)

Then with m I, =m ~ and [from Ref. 16, (Al 1) and (A12)]
A = Ae ', but ignoring scaling of g and k, the solution is

1/a
o.m ze= 1— (30)

For e =0.04, one choice of parameters obeying (30) is

g =0.724, A, =0.86, mg =M0, A = —4M0 . (31)

We have taken g =0.724 as calculated at the beginning of
this section, and A = —4MD (at M~) as discussed follow-
ing Eq. (lib). MD is undetermined.
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e

FIG. 3. t-channel-exchange diagrams.

IV. SIGNATURES OF LEPTON-NUMBER
VIOLATION IN RARE Z DECAYS

The signatures of a model violating L differ greatly
from the missing-energy signatures of Rz-invariant mod-
els. Superpartners can be pair produced, as in the e+e
collisions of Fig. 3, and will decay into ordinary matter
through processes such as those in Fig. 4. One-loop dia-
grams such as those in Fig. 5 show how a Z could pro-
duce a single superpartner and one ordinary particle of
fixed energy, a truly spectacular decay which unfor-
tunately has too small a branching ratio to be seen at
LEP. Prominent Bhabha-scattering resonances occur at
the v„and v masses, as seen in Fig. 6; though note these

FIG. 5. (a) Z ~yv„(b) Z ~v,y.

interactions are absent in our model. (They do occur in
the p version of our model; see the Appendix. ) These sig-
natures are discussed further in Refs. 1 —3.

We will concentrate on rare Z decays which occur in
our model with branching ratios of 10 or larger, so as
to be seen at LEP. From Eq. (22), we see our largest L
violating coef5cient is C ' =0.034, which provides the
interactions of Fig. 7.

Our model predicts the decay Z ~e ~+e+~
through the three diagrams of Fig. 8. If m (v) (Mz/2,
this process proceeds primarily through the production
of two on-shell v, 's [Fig. 8(a)], and the branching ratio is
large () l0 ). In this case, the (e r+) pair and the
(e+r ) pair would each have an invariant mass equal to
the v mass. In fact, sneutrino pair production would
lead to equally large branching ratios for all three of
these reactions:

Z e r+e+r, Qs =Qs =m(v ),
Zo~e p+e p, Qs =Qs =m(v ),
Zo~r r+z+z, gs, =gs ~ =m(V, ) .

(32)

(e-)

p
WW&&WWW&Q (&„)

(e+)

FIG. 4. (a) Sneutrino decay, (b) photino decay. FIG. 6. Sneutrino resonance in the p version.
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FIG. 7. Rp-violating interactions from C

If m (v) ~ Mz/2, all three diagrams of Fig. 8 contribute
to Z ~e r+e+r, with Figs. 8(b) and 8(c) dominating
at higher sneutrino masses. In this case only one (er)
pair comes out with invariant mass equal to m (v, ). Simi-
lar diagrams lead to

Zo — + + —~ (C313)2

Zo e
— +e++—

cs- (C212)2

Zo — + + —~ ( C313)2

Z 0 — + — + cs. ( ( 212 )2

Z abbr r+ ~ (D'")'

Z 0 be +b sx. (D 313)2

(33)

Figure 9 shows total calculated branching ratios for
Z ~e r+e+r (solid line), plotted against m(v, ), for
C ' =1 (a), and for C ' =0.034 (b) as in our model. The
patterned lines show the contributi. ons from each of the
three diagrams of Fig. 8. For C ' =0.034, we see that a
signal would only be seen at LEP if m (v) & Mz/2, but for
C =1 a signal would be seen for sneutrinos as heavy as

313

70 GeV.

V. CONCLUSION

Our model shows how I violation can occur in a super-
symmetric GUT model, and how rotation of one lepton

FIG. 8. Z —+e ~+e+~

family with the Higgs field singles out that family to be
light and violated. Since the electron is light, we con-
clude electron number is violated. The rotation angle is
constrained from both sides by limits on the electron-
neutrino Majorana mass, so from the lepton and quark
masses we can predict our largest L,-violating terms are
C ' L3L,E' (C ' =0.034), C ' L2L, E' (C ' =0.002),
and D ' Q3L1D3 (D ' = —0.015). We can then calcu-
late branching ratios for Z decays which depend only on
the unknown sneutrino masses. If m(v)&Mz/2, the

Branching Ratio Z —) e r+e+v (C = 1.) Branching Ratio Z —) e r+ e+ r (C
' = .034)

10 10

~ % ~ s ~ s

(b)

10 10 3 r

10-4 10-4

10

10

10

Rom RA(B+C)

s I s s s s I s s s s I
''+

s s

20 40 60
Sneutrino Mass (GeV)

80

10

10 8

Total B.R.

6 Contributiona:
. From k

From (B+C)
" From RA(B+C)I. . . , I ~

20 40
Sneutrino brass {Ge&)

I s s s s

60 80

FIG. 9. Branching ratios for (a) C "=1, (b) C" =0.034.
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clearest signal would come from Z ~e p+e+p, where
each (e,p) pair has invariant mass equal to m(v„). If
m (v) )Mz/2, then branching ratios are proportional to
(O'J") [or (D'~") ], so for our model Zo~e r+e+r
dominates, though with C ' =0.034 this branching ratio
is still rather small. These rare Z decays replace the
usual missing-energy signatures, since the LSP is unsta-
ble.

g '0'=g'(F, F h+A, gF,f &+A,,HHh+A, 5HHh,

W"'=X„M 'HffE' ,'C—''kL;L,Ek.

g "'=X~Mp "(HH)'Hfh+AcMp "(HH)"hh,

W' '=A, M (HH) fE'h,
W"'=X M "(HH)'(FH)'

(A2)

(A3)

(A4)

(A5)

(A6)
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APPENDIX: A p VERSION OF OUR MODEL

To avoid the neutrino mass constraint, a second ver-
sion of our model makes the rotated lepton be the muon
instead. Now our left-handed chiral super6elds have the
following SU(5) structure, U(1) charge, and gp charge:

+Mp ' (HH) HFh+M (HH)' HHHAE'

+Mp (HH)' HHHf . (AS)

By setting m =50 GeV (with A&=0. 5) and p= 1 TeV
(with A&=0.04), we get a=0 17 and. cz=0.05. The v'
gets a Majorana mass of order e' Mp=SX10 GeV, so
that neutrino masses become 0.02 eV (e), 700 eV (iu. ), 500
keV (r). When Lz rotates with h, the muon neutrino
picks up a mass from the diagrams of Fig. 2, but experi-
mental limits on the v„mass are much more forgiving.

Combining the lepton mass and LLE' terms [see Eqs.
(7) and (8)] now gives (with i%2)

(h ~ )E'E~+(c gi"+s Ci ")(h')E~E'

+ C13kL 'L ~EC+ (c Ci2k s haik)L ~L &Ec

w' '=x M (HH)' HFFf+&GMp (HH)

+A,HMp
' (HH) (A7)

W' '=Mp (HH)HJYhf +Mp ' (HH ) HHFf

F; =(10,1,2), f; =(5, —3, —2),
E =(1,5, 2), H=(10, 1, —7),
H=(10, —1,0),
h =(5,—2, 5), h =(5,2, 9) .

2vri gp /18
Superfields transform as e, so the sum of the gp
charges in an allowed term must equal 9 (mod 18). The
same mechanisms occur as in the g~ model; only the
numbers are di6'erent, and the rotated lepton superfield is
I.2. Our superpotential is

(A9)

Here A, =e A,E. A rotation is assumed to diagonalize the
mass matrices. The muon mass is e (h') =100 MeV.
The tau (and electron) masses are smaller than the quark
masses by 0 (e). Six of the lepton-number-violating
terms are suppressed (since cz and A, are both small). The
Yukawa couplings must conspire to make only one of the
three remaining C' " large, and only one of the two
remaining charged-lepton masses (e, r) large. From Eq.
(10) we see that in the quark sector we have a large
Q3L2D3 term, with D = —0.72. Up to Yukawa cou-
plings we expect

m (e)/m (u) =m(r)/m (t) =@=0.17 (experimentally =0.09, 0.03),
m (s)/m (c)=tn (b)/m (t) =cz =0.05 (experimentally =0.15, 0.07),
m (p ) =e ( h

' ) = 100 MeV ( experimentally = 106 MeV ),
I (v)=0.02 eV(e), 700 eV(p), 500 keV(r) .

(A10)

(Al 1)

(A12)

(A13)

This model has the advantage that it explains why down-type heavy quarks are lighter than their up-type partners (by
c2), and it avoids the strict mass limits on v, . Muon number (rather than electron number) is violated. v„'s would be
produced copiously at e e colliders through the diagram of Fig. 6. However, this model fails to explain the lightness
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