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In a supersymmetric extension of the standard SU(3) xSU(2)xU(1) gauge model of funda-
mental interactions, the assignment of lepton numbers to the color-singlet fermions is not unique.
In addition to the conventional assignment, there are five other generically distinct scenarios, each
with three possible variations. The existing experimental data constrain the values of various new

couplings present in these models.

In the standard SU(3) xSU(2) xU(1) gauge model of
fundamental interactions, the only color-singlet fermions
are the left-handed doublets (v,,e)r, (v ,u)r, (vi, 1)L,
and the right-handed singlets eg, ur, tr. Hence the neu-
trinos are massless and the three lepton numbers L¢, L¥,
and L® are separately conserved. Experimentally, all
available data are consistent with this model. On the oth-
er hand, small deviations are not ruled out. For example,
if each neutrino has a right-handed singlet partner and ac-
quires a Dirac mass, then mixing will occur in general
among the three leptons and only one lepton number L
(=L¢=L*=L") is conserved. Of course, if neutrinos
have Majorana masses, then even this conservation can be
violated.

Now consider a supersymmetric extension' of the stan-
dard model. Because each color-singlet fermion doublet
has a scalar partner, new Yukawa interactions involving
the latter are allowed as far as gauge invariance and su-
persymmetry are concerned. Since these interactions do
not conserve lepton number as it is conventionally defined,
they are usually forbidden by the imposition of a discrete
symmetry. However, this is really a theoretical presump-
tion because, as we show below, there are many other
ways to assign lepton numbers in supersymmetry so that
some of these terms are allowed without running into
conflict with existing experimental data. Let ®, and @, be
the two Higgs superfields transforming under
SUQ)xU(1) as (2,— §) and (2, 1), respectively, then
the conventional superpotential is given by

WO = hd LE;+his®:0,U,; + hi® 0, D; + po® @, , (1)

where L; and E; (i=1,2,3) are the usual left-chiral
color-singlet superfields transforming as (2, — §) and
(1,1); @i, Ui, and D; are the color-triplet superfields
transforming as (2,+), (1,— %), and (1,+). As it is,
w " conserves baryon number as well as L¢, L and L*
separately. However, since L 3 transform exactly as @),
one might contemplate the existence of the superpoten-
tials

WD m f L3sL\E\+ f,L3L2Ey+ fi;L30:D; + usLs®,, (2)
W =foL\LEs, 3)
W@ = fo L3l \Ey+ fueLsLoEy @)
W = fLLL\E + fiLyL3Es+ f5L20:D5+ paLy®; . (5)

4

Five different models, each with one or two conserved lep-
ton numbers, can then be defined according to the choice
of superpotentials as follows:

model 1: W=w O +w®@ ©)
model 2: W=w WV +w® N
model 3: W-W(”+W(2)+W(3), ®)
model 4: W=w W4+ @ 4@ ©)

model 5: W=w WV +w@4+w® (10)

In models 1 and 2, both L¢ and L* are conserved, but
L*=0 in model 1 and L*=L°+L* in model 2. In models
3-5, there is only one conserved lepton number in each
case, but the assignments for e, u, 7 are different, namely,
(1, —1,0) in model 3, (1,1,0) in model 4, and (1,0,0) in
model 5. For easy reference, we summarize the above in
Table I. It is also clear that for each model there are
three possible variations resulting from the permutations
of e, u, and t.

Remarkably enough, these models have all been
neglected until recently when model 1 with L*=0 was pro-
posed.2 Note that as long as there is some kind of a
conserved lepton number, R parity [as defined by
R=(—1)¥*3B*L] will still be conserved; the only
difference is that some of the known particles, such as
and v,, will now have odd R parity instead. In the ex-
treme case where all terms of the form L;L;Ex, L;Q;Dx,
and L;®, are allowed, which is equivalent to assigning
L =0 to all color-singlet superfields, the idea of a lepton
number becomes somewhat arbitrary. What is usually
done is to retain the conventional definition of lepton num-
ber and simply label the offending terms lepton-number
nonconserving. With this terminology, R parity is explic-

TABLE I. Lepton-number assignments (L¢,L*) for models 1
and 2, and L for models 3-5.

Model e u T
1 (1,0 ©,1) (0,0)
2 (1,0) ©,1) (1,1
3 1 -1 0
4 1 1 0
5 1 0 0
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itly broken and there have been many studies® of such a
scenario. However, in going from conserving L®, L¥, and
L7 separately to not conserving any of them, five possible
intermediate models, each with its three variations, have
been bypassed. In the following we outline some of the
salient features of these five models, describe their most
important phenomenological constraints, and propose fu-
ture experimental tests of their possible validity.

Model 1. This has been discussed in Ref. 2. Here we
summarize the main results. Since ®; and L3 transform
identically, we can define without loss of generality @, to
be that linear combination which picks up a nonzero vacu-
um expectation value and L3 to be the orthogonal com-
bination which does not. The term u3;L3®; in Eq. (2) is
thus generally present. If it is rotated away by a
redefinition of ®, and L3, then both must have nonzero
vacuum expectation values and the f couplings in Eq. (2)
will contribute to the fermion masses. In other words,
mixing of the L3 fermions with the usual gauge and Higgs
fermions (gauginos and Higgsinos) cannot be avoided. As
a result, v, acquires a “seesaw” Majorana mass given by?

HoM M,
M32(c®M,+5>M,)sin2B

-1
m, =—* [1-. j . Qn
*  2uotang
where s =sinOy, ¢ =cosfOw, tanf =v,/v, is the ratio of the
vacuum expectation values of @, to ®;, and M, are soft
supersymmetry-breaking Majorana mass terms which
preserve the gauge symmetries U(1) and SU(2), respec-
J

- | 1= - _|1—7s 1—7s
LY-feyr[Vetl D) ]#—Vy‘tl 2 e+ 7 2
1—— —
-é 275]v#+f;‘7: L P i 1

Both L and L* are conserved, but instead of L*=0 as in
model 1, we now have L*=L¢+L* Hence t and v, will
again be odd under R parity, but they do not mix with the
gauginos and Higgsinos. Phenomenologically, the quark
sector is completely untouched, and of all the possible
effective four-fermion interactions which can be obtained
from Eq. (14), only two are easily accessible experimen-
tally: u— ev,v, through 7z exchange and e*e”
— 7%17 through v, exchange. The former amounts only
to a redefinition of the Fermi coupling

Gr __g* Ifwl

V2 8MW 8m? 1
which puts a limit
m;,
| feue| <0.04 100GV (16)

as pointed out by Barger, Giudice, and Han in Ref. 3.
The latter represents a minor correction to the standard
process e e "— y(Z)— t¥t~ and is not useful at
present for limiting f,. any further.

The photino y is agam unstable in this model. It will
decay into t " u ve, r e *v,, and their conjugates More
spectacularly, the W™ gaugino will decay into etutc™
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tively. If the cosmological bound? of 100 eV on m,_is
used, then uj is less than a few MeV and the mixing of v,
and 7 with the gauginos and Higgsinos is at most of the
order 10 ~* which is negligible phenomenologically. On
the other hand, the photino 7 can now decay into 7 or v,
which becomes the lightest particle odd under R parity.
The dominant mechanism is presumably the exchange of
scalar particles such as é; g, /ir g, and 7, resulting in
final states such ase e v, u utv, t e v, T U +v‘,,
and 7 " ud, etc.

There are constraints on the various f couplings of w®
from the K; — Ks mass difference, the K; — p ™ rate,
the standard-model relationship between My and Gr, as
well as the V' — A nature of u— evv, etc. However, they
are not stringent enough to forbid substantial branching
fractions for the exotic processes

- - dv,,
a,—dtt,d —dv, dp— { " (12)
ut ,
and
eV,
V,—e tt & — ev, ér— { _ (13)
VeT

Hence pp (or pp)— t*tT+ two quark jets and
ep— t~ 1t~ + one quark jet + missing energy (p7) are
possible unique signatures of this model.

Model 2. This is the simplest new model with just one
term in W(3), resulting in the Yukawa interactions

B

—Ys

e|+H.c. (14)

las shown in Fig. 1, as well as into e v,,vt, ,u VeV,, and
¥ vev,. The branchlng fraction of W* —e*puts may
well be greater than 10 ™.

Model 3. This is obtained by combining model 1 and
model 2. Hence L°+L* must be zero and there is only
one conserved lepton number L with the assignments 1,
—1, and 0, respectively, for e, u, and 7. In addition to all
the allowed processes of models 1 and 2, there are now
some interesting new ones. For example, u ~ will decay
into e " V. v, and e ~ v, v, through the exchange and mix-
ing of 7, g; v~ will decay into e ~v,V; through &, ex-
change and u ~ v, v, through £ exchange, etc. In u~ de-
cay, the measured parameters® p, n, &, and & are not
affected by these new interactions, whereas &' =1.00

FIG. 1.
in model 2.

Diagrams contributing to the decay W*—e*pu*tz™
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=+ 0.04 implies Using B(u— eee) < 1.0x10 '3, we find
12 2 2y 1/4 _ Mefi _ v
lfeur' (Ifel +|fu' )y <o0.3 100 GeV |’ 17) |fe|l/2(|fw|2+Ifuelz)‘/4<4.5>(10 4{m .

where m.g is the effective propagator mass from 7, g mix-
ing and exchange. Similarly, the existing upper limits on
at—utv,and K*— u*v, imply

1/2 12 <. _ Ml 18
|feur| Ifudl 1 100 GeV (18)
and
12| £, ]2 <0.07 | — 19
'feﬂfl If | 100 GeV |’ (19)

respectively. Another possible decay is K*— 7" u%e™.
However, its amplitude is at most of the order Grpmg
times that of K ¥ — u *v,; hence, its branching fraction is
expected to be less than 10 ™ 13 well below the present ex-
perimental upper limit of 7%10~°. The same kind of
suppression holds also for the conversion of 4 ~ into e ™ in
nuclei. .

Consider W™ decay. In the conventional supersym-
metric model, the final state is # + a real or virtual W+
boson. If e "e* ¢t and u “pu* ™ are also observed, then
model 1 is applicable. If e *u* 7~ is observed, then mod-
el 2 is applicable. If all three modes are observed, then
model 3 is applicable. We note also that e, u, and 7 do not
mix with one another in any of the three models discussed
so far. Hence processes such as y— ey, u— eee, and
T— uee, etc., are all forbidden.

Model 4. This is an extension of model 1 with the con-
straint that L°=L*. Hence, there is again only one con-
served lepton number L, but now with the assignments 1,
1, and O, respectively, for e, u, and 7. In this model, the
new couplings f,, and f,. of Eq. (4) are constrained to be
very small by processes such as u— eee, u~ conversion
into e in nuclei, u—ey, u_ — e V.V, 7t+—:[1 *ve,
at—pu~etety, B®—e*puF, kKt —ate*u T, and
K;—e * u*, etc. Consider, for example, u— eee. The
effective interaction is given by

1+‘}’5
2

eé[l—zys ]/,4] (20)

- 1—
Hin=m;’ [felfee‘[ 275 ]ee—

l+‘}’5
2

tSuefe €

@1

Model 5. This is obtained by the lepton-number assign-
ments 1, 0, and 0, respectively, for e, u, and 7. The pro-
cesses allowed in model 4 due to f., and f,. are now for-
bidden. However, u and v, now join 7 and v, as nonlep-
tonic superparticles. Whatever new interactions are al-
lowed for 7 and v, in model 1 are now also allowed for u
and v,. A linear combination of v, and v, will acquire a
“seesaw” Majorana mass analogous to that of Eq. (11).
The orthogonal combination will pick up a radiative mass
through the exchange of two W bosons,® and becomes the
lightest particle odd under R parity. Constraints on f,
and fj; of Eq. (5) are similar to those on f, and f;; of Eq.
(2). In addition, processes such as 71— uuu, v— uee,
t— un®, and T— uy, etc., constrain f; and f,. For ex-
ample, B(t— ppp) <2.9%10 3 implies

lfyl”zlff'l"2<0.09[

L S , 22
100 GeV 22)

and B(t— un®) <8x10 ~*implies
Ufu P faa P+ £ faa 1D V4 <013 (23)

for m; =m; =100 GeV.

In each of the above five models, there are clearly three
distinct variations if we permute e, u, and 7. Parallel dis-
cussions of these are straightforward and will be given
elsewhere. What is important to note is that all experi-
mental information on e, u, r and their neutrinos is help-
ful in deciding on the possible validity of these models.
All rare processes are useful in setting limits on what kind
of new physics will be observable beyond the standard
model if supersymmetry plays a role. Whereas the stan-
dard model is very restrictive in how one may assign lep-
ton numbers, the new particles and interactions of a su-
persymmetric extension allow for many possibilities and
we have identified them in this paper accordingly.
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