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We examine R-parity-breaking interactions with lepton-number violation in the minimal super-
gravity model and obtain new stringent bounds on the coupling constants from low-energy process-
es. We discuss the decay of the lightest supersymmetric particle and analyze possible signatures for
R-parity-violating interactions in O' Z, and Higgs-boson decays, and in e e collisions.

I. INTRODUCTION

The requirement of baryon- and lepton-number conser-
vation in low-energy supergravity models' implies the
existence of a discrete symmetry (R parity) which
prevents the lightest supersymmetric particle (LSP) from
decaying. As a consequence an excess of missing ener-
gy" in collider experiments would be a signature for su-
persymmetry. However, baryon-number (B) or lepton-
number (L) conservation is not ensured by gauge invari-
ance. Even in supersymmetric models with the minimal
field content, the most general superpotential contains in-
teractions which violate B and L and simultaneously
mediate the decay of the LSP.

Because of their great theoretical interest, some of the
consquences of the supersymmetric models with R-parity
breaking (denoted by R breaking) have been considered in
the literature. Some expectations -resulting from R-
breaking interactions in high-energy collider experiments
have been systematically analyzed by Dimopoulos and
Hall and collaborators.

In this paper, we concentrate on models which violate
L but not B. We start by reconsidering the limits on R-
breaking interactions from processes at low energies that
do not involve the production of supersymmetric parti-
cles in the final state. If R is conserved, supersymmetry
(SUSY) can contribute to these processes only at the loop
level. Therefore, one can hope to find limits on super-
symmetry parameters only from processes which are for-
bidden at the tree level in the standard model [e.g.,
flavor-changing neutral currents (FCNC)]. This is no
longer the case if R-breaking couplings are present. In
Sec. II, we examine some low-energy tree-level contribu-
tions from R-breaking interactions and we find stringent
limits on the couplings. In Sec. III we first study the LSP
decay via R-breaking interactions and then discuss some
possible R-breaking experimental signals in O', Z and
Higgs-boson decays, and in e+e collisions.

II. LOW-ENERGY CONSTRAINTS
ON R-BREAKING INTERACTIONS

We are considering the standard low-energy snpergrav-
ity model' with the minimal content of fields. In addi-
tion to the usual Yukawa interactions, we allow the su-
perpotential to contain the possible renormalizable L-
violating couplings:

A,;~kLI, L)E~,
A. ,~kLI QUADR . (lb)

—(i~j )]+H.c. ,

~ij k [vL dR 4 +dL dR vt. + ( dii ) ( vt. ) df

eL dt's ttf ttL dR eL. (dR ) (eL )'tt j.1+H. c.

(2a)

(2b)

With standard notations, Lt, Qt, Ett, and D~ denote the
chiral superfields containing, respectively, the left-handed
lepton and quark doublets and the right-handed
charged-lepton and d-quark singlets; i,j,k are generation
indices. Besides the interactions of Eq. (1), the L
violating bilinear term LI H can also be introduced con-
sistently with gauge invariance. However, this term can
be rotated away through a redefinition of LI and H',
where H and H' are the superfields containing the Higgs
doublets with, respectively, hypercharges +1 and —1.
Note that A.; k in Eq. (la) is antisymmetric in the first
two indices because of the contraction of SU(2) indices.
Henceforth we take k; & nonvanishing only for i &j.

The interactions in Eq. (1) break R parity, giving ele-
mentary couplings involving an odd number of supersym-
metric partners, unlike the R-invariant interactions
where supersymmetric particles appear always in pairs.
In four-component Dirac notation, the Yukawa interac-
tions of the R-breaking Lagrangian generated by Eq. (1)
are

X =A, ;Jk [vt eg ej +el e~ vt + (e~ )*(vt )'eg
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At energies lower than the Fermi scale, the heavy su-
persymmetric particles can be integrated out and the net
effect of the R-breaking interactions is to generate
effective four-fermion operators involving the lepton and
quark fields. In general, these operators will mediate L-
violating and FCNC processes. The constraints on the
coupling constants of the R-breaking interactions are

I

then rather severe. However, as pointed out in Ref. 4,
the situation is quite different if we assume that only one
operator in Eq. (1) with a particular generation structure
has a sizeable coupling constant. In this case, the
effective four-fermion operators generated by LI L~~EI,
are of the form

ff 2 very vLeLy„el-
m

k l —j p j —k
LV vLvLXp 5 2 L7 ef RYp, R p vLV vL RYDER.+( ~i )

m ~ m m',
vL 8L

(3)

The effective operators for the LL QI Dz case are ob-i i

tained by the replacements

ez

l
EEI

and eg ~dR

in Eq. (3). We note that the low-energy effective La-
grangian Eq. (3) does not lead to either L violation or
FCNC despite the fact that the original Lagrangian of
Eq. (2) violates L and has an arbitrary family structure.

At low energies, the L violation can arise only at the
level of effective six-fermion operators, which are in gen-
eral highly suppressed. From neutrinoless double-beta
decay, a limit ~A, I&&~ 53X10 has been inferred for
gluino, squark, or slepton mass m =100 GeV. However,
because of the higher dimensionality of the operator, this
limit scales as (m), while limits on four-fermion
operators scale as (m ) . Limits on six-fermion R-
breaking interactions can also be inferred from their con-
tributions to neutrino masses, which depend on the value
of the trilinear scalar coupling. ' The least stringent
bounds on the couplings will be obtained for a vanishing
trilinear coupling; in that case the neutrino acquires a
mass only at the two-loop level and the corresponding
limits on the R-breaking interactions are less stringent
than those obtained from four-fermion operator contribu-
tions to low-energy processes.

We will show in the next section that the present mea-
surements on weak processes at low energies provide
strong constraints on the existence of four-fermion opera-
tors beyond the standard model. Consequently, based on
Eq. (3), we are able to set stringent limits on the coupling
constants of R-breaking interactions with L violation in
Eq. (1).

from Eq. (3), the R-breaking contributions have the same
( V —A)( V —A) structure as W exchange and the
effective tree-level Fermi coupling in p decay becomes

6
8M 8 8M

(4)

Here and henceforth we use the notation

r; k(l ) =(M~/g )(~A, ; k ~
Im- ),

The Kobayashi-Maskawa matrix elements V& are exper-
Qe

imentally determined from the ratio of the Q~qev, to
p~v„ev, partial widths. The experimental value of V„d
is related to theoretical quantities by

~ V.d+&I ik(d~ ) ~'™

=
I V,d I'[ I +2r '„k (d~ )/V„d —2r „k(e~ )],

where only one of the two R-breaking terms will be
nonzero. Summing over the three generations for d and

with the assumption that only one of the A, , k is nonvan-
ishing.

In the quark sector, the existence of the LL QL D~ in-
teractions gives an extra contribution to quark semilep-
tonic decays (e.g. , in nuclear 13 decay) of a similar form to
that of p decay and the effective tree-level weak coupling
1s

2

l Vud +
1 1 k (dR ) ~

8M~

A. Charged-current universality constraints

One of the most important predictions of the standard
electroweak gauge theory is the universality of quark and
lepton couplings to 8'bosons. The R-breaking interac-
tions lead in general to universality violations. Precision
experimental tests of universality can thereby place
stringent constraints on R-breaking couplings.

We consider first the case of the LI LL ER interactions.
Muon decay then receives an additional contribution
from e~ exchange, as shown in Fig. 1(b). As is apparent

r ~k
~R

FIG. 1. Feynman diagrams for p decay from (a) the standard
model, and (b) the A-breaking interaction.
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using the measured value for the left-hand side we obtain R,(expt) =0.994+0.039 . (14)
g I V.d. I.'.„=0.9979+0.0021

J
J

= 1+2V„d r i ik(dz ) —2r i2k(ez ) .k -k

Thus at the lo. level we infer that

(8)
The I.LI.LER interaction makes the following contribu-
tion to R,:

R,=R,(SM) I 1+2[ri3k(e~ )
—rp3k(e~ )] I .

OZ

Ix„„I&o.o4
100 GeV

(9)

fPl -I,

1OO GeV
(10)

for each generation index k.
A limit IX,2k I

&
—,'(m, k/100 Gev) has been derived in

Ref. 4, from a direct test of the relation
6„=n a/( v 2sin Oii Mii ). This limit is less stringent
than that obtained in Eq. (9). Future precision measure-
ments of Mz and sin 0~ will test the validity of the rela-
tion 6„=2v'2@a/(sin 2L9ii,Mz ), which would be
modified by the A, i2k term in Eq. (4).

A nonvanishing A, iik is excluded by Eq. (8) at the lo
level since there is no present experimental indication of
apparent oversaturation of the unitarity condition. At
the 2o. level, the limit is

The bound obtained from Eq. (14) is
r I

100 GeV

Pl

I~/3k I
0.»

100 GeV

Another measure of the L,LLI ER interaction comes
from the experimental determination of the ratio
R,„—:I (r—+vpV)/I (p~evv):

R „„(expt)
R,„(SM)

=0.938+0.044 . (17)

The R-breaking interactions modify R,„analogous to Eq.
(15) for R, with the replacement of r»k and r23k by rp3k
and r, 2k, respectively. Equation (17) excludes nonvanish-
ing X23k at the lo. level and at the 2o. level,

B. e-p-v universality

I
e&

100 GeV
(18)

Limits on the R-breaking couplings can be extracted
from the present experimental constraints on deviations
from e p runiv-er-sality The. ratio R —= I (ir —wev)/
I (sr~pv) has been measured to be

but allows A, ,2k at the 1o. level with the value

=O. 14+0.OS .I (19)

R (expt) =0.991+0.018,
R (SM)

with respect to the standard model (SM). The interaction
LLQI Dz gives an effective contribution to R

R =R (SM) 1+ I. l ilk(dR ) 121 kd(R )1

The experimental result of Eq. (11)yields the bounds

Equation (19) seems to give positive evidence for a
nonzero value of k, 2k. However, more precise measure-
ments are needed in order to confirm this result.

C. v„e scattering

The Lagrangian in Eq. (2) modifies neutrino-electron
scattering at low energies, as shown in Fig. 2. The
scattering cross section in units of G„s/~, where 6„ is
defined in Eq. (4), can be written as

m ~

IA, '„k
I
&0.05

100 CxeV
(13)

cr(v„e ) =gl + —,'gz, o.(v„e)= —,'g~~+g~~ . (20)

The coe%cients gl and g„receive extra contributions
from the R-breaking interaction as follows:

for each generation index k. Note that the bounds in Eq.
(13) are obtained under the assumption that only one of
the two terms in Eq. (2) contributes. If both interactions
were simultaneously present, the conditions in Eq. (13)
would be weakened but then rare processses such as
m. —+pe would place even more stringent limits on the
couplings. Therefore the bounds in Eq. (13) are valid in
general.

The ratio R,=—I (r~evv)/I (r~pvv) is experimental-
ly measured to be

leR

FIG. 2. Feynman diagrams for v„e scattering from (a) the
standard model, and (b) the R-breaking interactions.



2990 V. BARGER, G. F. GIUDICE, AND T. BAN

gL xw (1+xw )r12k(eR )
-k

—1 -3 -k
gR XW+r121( L +r231( L ) XW 12k(eR )

(21) ~A,,k~ (0.24 , ij k = 123, 133,131,231,
100 GeV

where x ~—=sin 0+ . The experimentally measured
values are

gL i,„„,=0.315+0.073,

~gR ~,„„,=0.255+0.073 .
(22)

Taking the value x~ =0.233+0.006 determined from
deep-inelastic scattering data, Eq. (22) constrains the R-
breaking couplings at the la level to the ranges

m
R(0.34

(0.45
100 GeV

m,
CfL

1OO GeV
(0.26

We note that the recent KEK TRISTAN data' give

A 'A"=0.26+0.08 A 'A =0.32+0.09 . (28)

One cannot set any stringent limits on k, k from this data
since the experimental errors are still rather large.

m
&

eL' ' 100G.V& 0.29

m 3
eL

(23)

E. Atomic parity violation

The atomic parity violation and polarized eD asym-
metry experiments measure the parity-violating coupling
in the electron-hadron interactions, as defined in Ref. 8:

D. Forward-backward asymmetry in e+e collisions

The forward-backward asymmetry in e+e collisions
measures the axial-vector couplings ( Af = —Tf3) of the
weak neutral current. From asymmetries in e+e
~p+p, r+r, cc,bb at U's in the range 10—40 GeV, the
following results have been obtained:

A 'A "=0.272+0.015,
A 'A '=0.232+0.026,

A 'A '= —0.330+0.075,
A 'A b=0.270+0.073 .

(24a)

(24b)

(24c)

(24d)

The R-breaking interactions modify the standard values
of the product of axial-vector couplings according to

c 1 (u ) = —0.249+0.071,

c, (d) =0.381+0.064,

cz(u ) ——,'cz(d) =0.19+0.37 .

Including R-breaking interactions, we obtain

cl(u) 2
+ 3xw r ilk(dR )+(

2 gxw)rl2k(eR )
k -k

cz(u)= —, +2xw r ilk(dR )+(
2 2xw)rlzk(eR )

k -k

cl(d) xw+rljl (eL ) ( ,' —
', xw-)—r1-2k( R )

cz(d) —
—,
—2Xw —rlil(vL) —( —,

—»w)rlzk(&R) .

(29)

(30)

m I,

~A llk ~
(0~ 30

Taking into account the eA'ects of the radiative correc-
tions, we obtain the 1o. bounds

A '3"=—' —
—,'r; k(v), ijk =121,122, 132,231,

3 'A '=-' ——'r,"k(v), ijk = 123, 133,131,231, (25)

APE

iA, '... [ (o.26J . 100 QeV

(31)

,'r', zk(dR ),——2'3 =
—,
' —

—,'r 1 3(qL) .

Here we have ignored the modification of R-breaking in-
teraction from eR contributions to G„given in Eq. (4),
under the presumption that there are no accidental can-
cellations between e„and v contributions. Here and
henceforth, we drop the unnecessary subscript I. for v.

Since the experimental result (24a) already exceeds
the SM value of A'A"=

4 and the R-breaking efI'ect
tends to decrease the SM result for A 'A", nonzero A, ;jk
(ijk =121,122, 132,231) are excluded at the lo level, and
at the 2o. level,

F'. v„deep-inelastic scattering

The v deep-inelastic scattering results provide a mea-p
surement of the vector and axial-vector couplings of the
hadronic neutral current in neutrino interactions. The
experimental results yield

gL = —0.429+0.014,
d 0 01 1+0.081

(32a)

(32b)

The bounds on A, , zk from Eq. (30) are not as stringent as
that of Eq. (9); therefore, we do not list them.

1OO aeV (26)

Including R-breaking interactions, the theoretical predic-
tion is

k -k
gL + XW 21k(dR )+( XW) 12k( R )

From Eqs. (24b) —(24d) of r, c, and b asymmetry data, we
obtain the limits gR —3xw+rzjl(dL ) Txwrlzk(eR )

(33)
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TABLE I. The lo limits on the 8-breaking couplings A, and A,
' of Eqs. (2) in units of {my/100 GeV),

where m& is the appropriate sfermion mass, from (a) charged-current universality; (b)
I (m.—+ev)/I (m —+pv); (c) I (~—+evv)/I {~~@vs); (d) I (~~pvv)/I (p —+evv); (e) v„e scattering; (f)
forward-backward asymmetry in e+e collisions; (g) atomic parity violation and eD asymmetry; {h) v„
deep-inelastic scattering. The superscript X denotes that the corresponding number is at the 2o. level,
and is excluded at the 1' level. Case (d) may indicate positive evidence for R breaking, denoted by an
asterisk in the table, with A, ;Ik values of (0.14+0.05).

121
122
123
131
132
133
231
232
233

O. 1O'" O. O4"O.29" ~
0. 10' ' 0.04"0.34" +
0.04"'0.34"0.24' ' +
O. 1O"O.24'"
0. 10' ) 0. 10(')
0 10"0.24' '

Q 09(d)xo 10(~)xo 26"0.12"0.2
009' '012"
QQ9' '012"

111
112
113
211
212
213
121
122
123
133
221
231
131

0 03" 0 05' '0 26' '0 30' '

0.03" 0.05' '0. 30' '

0.03"~0.05'"'0.26' '0. 30' '

Q 22(h)xo 09(b)O 11(h)

Q Q9(b)Q

0.09' '0. 11'h'

O.26'g'O. 45'"
o.4s'"
O.26'"O.4S'"
o.26'"
0.22(h)x

0 22(h)x

0.26'g'

No deviation from the SM result is predicted for the cor-
responding up-quark parameters in neutrino deep-
inelastic scatterings. Equation (32a) leads to the lcr limit

(34a)

models with R-breaking interactions which only violate
L. R-breaking interactions with 8 violation would be in
general much less constrained than the case of L viola-
tion because of the larger measurement uncertainties of
low-energy hadron processes.

and Eq. (32b) excludes nonzero A, zj, at the 10. level, but at
the 20. level

III. POSSIBILITIES FOR DETECTION
OF R-BREAKING SIGNALS AT COLLIDERS

P1 -J
[x'„, [

&o.22 (34b)

G. Summary of limits

In Table I we summarize the limits of R-breaking in-
teractions obtained in this section. From the results of
Table I we conclude that R-breaking interactions of Eq.
(1), if present at all, are generally constrained to be much
weaker than the ordinary electroweak interactions.

Before ending this section, two remarks are in order.
First, the recent measurements" for Bhabha scattering at
TRISTAN have set strong bounds on the composite mass
scale, A )3.3 TeV for the V V or A (3 3 interaction. At
erst sight, one would expect a strong limit on the R-
breaking coupling k from this result, since the effective
four-fermion interactions of Eq. (3) are of the same form
as the composite fermion interactions. ' Unfortunately,
the above bound was obtained by assuming that only one
interaction of V(3) V or A g 3 exists at a time, awhile the
third term of Eq. (3) predicts the combination
V(3) V —A(3) A. The simultaneous existence of the V V
and A(3) A with a relative minus sign tends to reduce the
R-breaking contributions, and therefore we can only ob-
tain a rather weak constraint, ~A, , ~

&0.5(m&/100 CxeV)

for m & »&s . Second, we have been discussing the

In this section, we discuss the possible detection of R-
breaking signals in collider experiments resulting from
the LLLLE~ interactions. We have seen that R-breaking
interactions of Eq. (1) are generally smaller than the usual
electroweak interactions. Consequently, supersymmetric
particles will be produced and will decay predominantly
via ordinary (R-conserving) SUSY modes, except for the
lightest supersymmetric particle {the lightest neutralino
in our assumption), which would be stable if there are no
R-breaking interactions. In Sec. III A we discuss the de-
cays of the lightest neutralino (y&) and the lighter chargi-
no (g& ). As a typical example, we evaluate the decay
length for y& produced via the process Z~g&y&. In Sec.
III 8 we discuss R-breaking signatures that may occur in
8'-, Z-, and Higgs-boson decays to neutralinos and char-
ginos which subsequently decay via R-breaking interac-
tions. In Sec. III C, we present expectations for R-
breaking signals via v resonance production in e+e col-
lisions. With the constraint on A, ;.& set in Eq. (26), sneu-
trino contributions modify the standard-madel predic-
tions of the e+e cross sections significantly only when
v's is close to m; consequently we do not consider virtu-
al sneutrino contributions. In Sec. III D we comment on
R-breaking signals from neutralino or chargino pair pro-
duction in e e collisions at CERN I.EP II energies.
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A. Decays of lightest neutralino and chargino

If R-breaking interactions exist, then the LSP g& will
not be stable and it will decay via the interactions of Eqs.
(2). For the I.LI.I ER interactions, y, decays exclusively
to charged leptons and a neutrino

~0~~1~J~ k (35)

via virtual sleptons. As before, the i,j,k are the genera-
tion indices. The charged leptons plus missing energy
final states provide a striking signature of R breaking.

The g&+ decays via

y&+~y& W„+;, with g&
—+v'eje" and JV„+;,~ff', (36)

G'm'
X]

I ()=K
192~3

(37)

where E is an effective four-fermion coupling in y& de-
cays, which is proportional to both the g,ff coupling

which also give a distinct signature of R breaking. Here
we assume the usual mass hierarchy m(y,+))m(y, ).
The leptonic mode of the virtual 8' gives final states with
three charged leptons with a g,+ branching fraction of
27%.

In Table I we have shown that R-breaking interactions
are severely constrained by low-energy experimental
data. If coupling strengths of the R-breaking interactions
are very small, then the y, lifetime could be long enough
for it to escape from detection in collider experiments.
Consequently, the experimental signals for supersym-
metry would then be the same as the usual discussions,
with a missing energy signature.

The partial width for the g decay mode of Eq. (35) is
of a typical form for a fermion three-body decay

and the R-breaking coupling A. ,"k. For a large region of
SUSY parameters, the coupling K is -0. 1 (100
GeV/mf ) A, ,J&, where mf is the mass of the virtual select-
ron or sneutrino exchange.

Figure 3 shows the g, decay length versus its mass M o

for production via Z ~y, y& in the Z rest frame, for vari-
ous K values. For a large region of E parameter and M o

X]
values, the decay length has a value between 10 and 10
cm, which is the accessible range for a secondary vertex
search at the SLAC Linear Collider (SLC) or LEP (Ref.
13). Therefore, even if the R-breaking couplings are very
weak (k-10 ), it is still feasible to search for y& decays
using secondary vertex detectors, provided that the sfer-
mions are not too heavy ( 5 1 TeV).

B. Z-, F-, and Higgs-boson decays
to neutralinos and charginos

0 0 0 + + + p
x&x& x& x& ~- x&x& (38)

In the near future large samples of Z- and 8'-boson
events will be accumulated at e+e and pp colliders.
From the four LEP I detectors about 8 X 10 Z bosons are
expected per year. From the CERN ACOL collider
2X 10 Z and 6X 10 8'bosons will be produced with 10-
pb ' integrated luminosity. With this luminosity the
Fermilab Tevatron will produce about 6X10 Z and
20X 10 8 bosons. Thus it may soon be possible to study
rare decay modes of the Z and 8'bosons involving neu-
tralinos and charginos, if the latter decay modes are
kinematically accessible.

In the minimal supergravity model the masses of y,
and y —, are typically below M~ and the decays'

10

102

10 '—

-1
10

10

6

may be realized. The branching fractions for these modes
depend on supersymmetry parameters, as outlined
further below, and can be sizable. For example, values
up to B(Z ~y&y~) —5%, 8(Z —+g&+g& ) —15%, and
B(8' ~y —, go~)-10% are possible. Thus these weak bo-
son decays are interesting for their potential in searches
for R-breaking interactions.

We now give a quantitative evaluation of the decay dis-
tributions of Anal-state leptons and quarks from these R-
breaking decays of Z and 8' bosons. The general cou-
pling of a weak boson V to particles y and g' is of the
form

-5
10

X =
Vpg &) "(Gl PL + GR PR ) (39)

tO
10 20 50

M„o (Gev}
40 50

FIG. 3. The LSP g& decay length vs its mass, evaluated in the
Z rest frame for the process Z —+y&yl at various K values; see
Eq. (37).

where g is the SU(2) weak coupling, PI R
=

—,'(1+y, ) are
chirality projection operators, and GL z are given in
terms of the elements of the mixing matrices (a 4 X 4 ma-
trix 2V in the neutralino sector and two 2X2 matrices U
and V in the chargino sector) that diagonalize the mass
matrices. Following the notation of Ref. 2, the GI ~ are
given by
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6 = —6L R 2 cosO~

for V=Z, y=yi,

I

O~O

1
GL =

g
(~ I'11~ +—

~ V12~ &lv)
cosO p

for V=Z, y=y+,

&i4—I'i2+»2 I'i »
2

G~ — —U, 2+N, ~U, i for V= 8' .
2

The Z or 8'partial widths are given by

(40)
0
0 l0 20 50 40 50 60 70

X (GeV)

dzPS d3PS d3I'S'

2M~ 2M I 2M I
X A, , (41)

where J„P+=(2~) "ti (P,. P&)g~—,d pj/2E~ denotes
the phase-space factors of the sequential decays and JR is
the reduced matrix element:

~=32& &i2(tip])P, u(pp)~(p3)P, ,u(p4)~(fi)

X(GRg, g+z mr m~—GLE' )Pr u(f2) . (42)

Here K, and K2 are the effective four-fermion couplings
in y decays, as defined in Eq. (37).

To give some typical quantitative results, we evaluate
the simplest and likely the most significant case Z ~g,g, .
In the usual SUSY models with R-parity conservation,
this decay mode gives a missing energy signature just like
Z —+vV. However, with R-breaking interactions under
consideration here, the decay of Z ~g&g& gives typically
four charged leptons plus missing energy resulting from
escaping neutrinos.

In the following discussion, we choose two representa-
tive sets of SUSY parameters:

(a) M=200 GeV, p=80 GeV, uz/u, =2;
(b) M=80 GeV, @=150GeV, uz/u, =2 .

(43)

Here M and p are, respectively, the gaugino mass param-
eter and Higgs-fields mixing parameter renormalized at
the weak scale, and U, and Uz the vacuum expectation
values of the two Higgs doublets. These fix the masses
of the LSP y& and the lighter chargino g&+, respectively,
to be 25 and 45 GeV in (a) and 12 and 34 GeV in (b).

The branching fractions of Z to four charged leptons
plus missing energy for these two choices are {a) 1.7%
and (b) 0.27%, which would lead to a large sample of
events to test the possible existence of R-breaking in-
teractions. Calculated pz(l), E(I), and missing energy E
distributions in the Z rest frame for this decay mode are
shown in Fig. 4. The shapes of the distributions are not
sensitive to the parameter choices.

In the cases of Z ~y;y (i Wj ), pi+pi
S'—~y —, y„ the heavier neutralinos and charginos usual-

FIG. 4. Typical dynamical distributions of the energy and
transverse momentum of averaged charged lepton [E{1),pz. {l)],
the missing energy (E), for the R-breaking decay of g& from
Z ~y,y, in the Z rest frame.

ly decay to g, first, and consequently there would be at
least four charged leptons plus missing energy along with
hadrons or more charged leptons in the events.

Next we discuss the Higgs-boson decay signatures with
the existence of the R-breaking interactions. In the
minimal SUSY model, there exist five physical Higgs bo-
sons, leading to very rich phenomenological signatures. '

Among the five Higgs bosons, a neutral scalar Hi is
heavier than the Z and another neutral scalar H2, which
is the analogue to the one in the standard model, is
lighter than the Z; the two charged Higgs bosons H +—are
heavier than the 8' while the neutral pseudoscalar H3 is
lighter than H —but heavier than H2. In the minimal
SUSY model, all these Higgs bosons decay to the super-
symmetric particles with significant branching fractions
in a large region of the SUSY parameter space, ' when
the final states are kinematically accessible. These modes
usually lead to events with charged leptons or hadrons
from virtual 8'Z decays plus large missing energy from
the stable LSP g&. In some region of the parameter
space, the neutral Higgs bosons can decay to g&y& with a
branching fraction of 90%, leading to the "invisible
events. "' VAth R-breaking interactions, the Higgs-
boson signatures would be more spectacular. Instead of
simply giving missing energy, the g& manifests itself as
two charged leptons plus missing energy. As an impor-
tant consequence, the "invisible events" expected from
H, —+g&g& would instead show up as events with four
charged leptons and some missing energy from the asso-
ciated neutrinos. All these H; —+g yk events with multi-
ple charged leptons and hadrons p1us missing energy
would provide distinctive signatures for Higgs-boson
searches.

C. Sneutrino resonance production in e+e collisions

In Sec. II we have concentrated on the low-energy con-
straints on R-breaking interactions with the assumption
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m&))&s. In this section we study the expectations of
signals from v resonance production and decay in e+e
collisions.

The partial width for the decay channels
v ~y, vk, y,—+lk+ is of the form

(44)

where C =
~ V~, ~

for chargino-plus-charged-lepton modes
and C = l&,~l /2 cos Hii for neutralino-plus-neutrino
modes with V;& and N;2 the mixing matrix elements intro-
duced in Sec. III B. M& is the corresponding chargino or

l

neutralino mass. The v partial width via the interaction
Eq. (2) is

2

I (ee):—I (v ~e'e") = m
16

(45)

For reasonable values of the A, k ( ~0. 1) and most of the
region of SUSY parameter space, the decay modes of Eq.
(44) are the dominant contributions to the v total width,
if kinematically accessible, as we shall assume to be the
case.

Figure 5 shows the v total width versus its mass, again
using the two sets of parameter choices in Eq. (43) denot-
ed by solid and dashed curves, respectively. The partial
width for v ~e'e is also shown in this figure by the dot-
ted curve [in units of (A, , /0. 1) GeV]. For m )80
GeV, we find I ) 100 MeV, which is comparable to or
greater than the typical expected experimental resolu-
tions.

For an s-channel v production in e+e collisions, the
cross section can be expressed as

4ns I (ee)I (X)oe e ~v+X=
m (s —m )+m I

(46)

where I (X) generically denotes the partial width for v
decay to a final state X, such as those of Eqs. (44) and
(45); I is v total width. At v resonance, Eq. (46) can also
be written as

a (e e ~v~X) = B(ee)B(X),
4m.

Pl
(47)

2I eeI X
s 0'=27T

2.m~I ~
(48)

The integrated cross sections I are given on the vertical
axis on the right-hand side of Fig. 5. The solid and
dashed curves again correspond to the I values for
Bhabha scattering with SUSY parameter sets (a) and (b),
respectively; the dotted curve gives the one for
v J~X,v&,X,

—lz+. For comparison, the J/1( resonance
gives an I value of about 0.7 nb GeV.

where B (X) is the branching fraction of v decay to a final
state X.

Figure 6 shows the calculated cross sections for
v~ +X—;vk, X, ll 111 e e colllslolls at +5 =m ln ulllts

of the QED point cross section, o~, =4m.a /(3s). If the

y, has an observable decay length, the final states contain
at least two charged leptons with some missing energy
from escaping neutrinos and the signature is spectacular.

'For a narrow resonance with a total width close to the
experimental resolution, as may be the case for nz reso-
nance production under consideration here, it is relevant
to calculate the total cross sections integrated over the
resonance. Integrating Eq. (46) over &s using the
narrow-width approximation, we have
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FIG. 5. the v total width vs its mass for the two sets of SUSY
parameters in Eq. (43), labeled by a solid curve for case (a) and a
dashed curve for case (b), respectively; the dotted curve gives

the partial width for v'~e'e" in units of (A, ,~, /0. 1) . The in-
tegrated resonance cross sections I of Eq. (48) are also shown on
the vertical axis on the right-hand side, where the solid, dashed,
and dotted curves again correspond to the I values of Bhabha
scattering with SUSY parameters set (a) and (b), and of the pro-
cesses v ~y; vk, g,—l&, respectively.J o +

I
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I

120 160
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FIG. 6: The v resonance cross sections for v'~g;v&, g,—I~
in e e collisions at &s =m„units of the QED point cross sec-
tion o.

6~, =4~a /(3s), for the two sets of SUSY parameters in
Eq. (43), denoted by solid curves for case (a) and dashed curves
for case (b), respectively.
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Recent measurements on Bhabha scattering at
TRISTAN are in good agreement with the SM predic-
tions. " Considering the R-breaking contribution of Eq.
(47) to Bhabha scattering and allowing 10% deviation
from the SM prediction, we find that a sneutrino with a
mass of 50—56 GeV is excluded for B(ee))4. 5 X 10
This constraint on B(ee) corresponds to (a)

~
A,

&z & ~

~ 4 X 10 and (b)
~
A,

&z & ~

~ 0. 1, respectively, for our
SUSY parameter choices of Eq. (43).

There are also no reports of events being observed at
TRISTAN with two or more charged leptons plus miss-
ing energy. If we conservatively assume that there are
less than 10 events for e+e —+v —+g v, g +—l+ with an in-
tegrated luminosity" 14 pb ' in the AMY detector, then
we exclude a sneutrino with mass in the range 50—56
GeV having B(ee)B(y v, y 1))—2.3X10 . For most
of the SUSY parameter space, B(g v, g-l )=1. There-
fore, we have B(ee) ~ 2. 3 X 10, which corresponds to
(a) ~A. ,~, ~

~ 3X10 and (b) A, , ~
S7X10, respectively,

for the SUSY parameter choices of Eq. (43). In this cal-
culation, we have imposed a pseudorapidity cut on the
outgoing charged leptons, ~gl ~

(0.93, to simulate the
AMY-detector acceptance, and require the missing ener-
gy to be larger than 5 GeV. The severe limits obtained
here on A, , are under the assumption of resonance v pro-
duction (i.e., I =E, ), while the limits discussed earlier
assumed mf much larger than the available energy.

Similar measurements at LEP II will easily find v sig-
nals, or set more stringent limit on sneutrino mass or on
the branching fractions of R-breaking decays of v reso-
nance.

D. Neutralino and chargino pair
production in e e collisions

Neutralino and chargino pair productions in e+e col-
lisions provide excellent signals for SUSY searches. ' As
discussed in Sec. III B, there may be copious numbers of
events at the Z resonance to study the R-breaking decays
of g's. Moreover, for energies far above the Z resonance,
the cross sections for neutralino and chargino pair pro-
ductions are of order 0.1 —1 pb for a broad region of
SUSY parameter space. ' These cross sections corre-
spond to 10—100 events per year at the LEP II luminosi-
ty. Since R-breaking interactions greatly change the neu-
tralino and chargino signatures (especially for the gg,
case) and lead to spectacular events with multiple
charged leptons in the final states, it should be possible to
continue the search for g, g~ production with R-breaking
decays at energies above the Z resonance.

IV. COICCLUSIONS
We have investigated the phenomenology of some new

aspects of R-parity violation interactions in the minimal

supergravity model. From the present experimental data,
stringent limits on couplings of R-breaking interactions
of Eqs. (2) are obtained from low-energy data; the cou-
pling strengths are much smaller than those of the ordi-
nary weak interactions if the sfermions have masses of or-
der 100 GeV. The results are summarized in Table I.

Possible R-breaking signals in future high-energy col-
lider experiments from the LI LI Ez interaction have
been studied. For a large region of SUSY parameter and
R-breaking couplings k, we find that it is feasible to ob-
serve the LSP decay using secondary vertex detectors.
The branching fractions of 8', Z decays to a neutralino or
chargino pair can be of a few percent in certain regions of
the SUSY parameter space. The final-state signature of
the LSP decays is quite spectacular: multiple charged
leptons plus substantial missing energy. It is therefore
promising to search for R-breaking signals in W, Z decays
since these weak bosons are produced copiously in collid-
er experiments.

In the minimal SUSY model, it has been argued that
the neutral Higgs boson may decay to g,y, dominantly in
a large region of the SUSY parameter space. If R-
breaking interactions are present, then instead of simply
giving missing energy, the H —+g&y& mode would lead to
distinctive four-charged-leptons-plus-missing-energy final
states.

The production of a v resonance in e+e collisions
could provide clean signals of R-breaking interactions.
For 60 GeV & m & Mz v resonance production could be
observed in Bhabha scattering if B(v—+e+e ) ~ 10
and for m )Mz if B(V~e+e ) ~ 10 . The dominant
v decay modes v ~y,—l&+,g;vk would give a much larger
signal rate than Bhabha scattering and lead to final states
with at least two charged leptons plus missing energy.
Neutralino and chargino pair productions in e+e col-
lisions at energies well above the Z resonance could also
provide spectacular signals from g, decays via R-
breaking interactions.
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