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Systematics of single superpartners production at leptonic colliders
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We examine the effects of the lepton number violatingR parity odd superpotentialW5l i jkLiL jEk
c , on

single production of fermion~charginos and neutralinos! and scalar~sleptons and sneutrinos! superpartners at
leptonic colliders for center of mass energies up to 500 GeV21 TeV. The probability amplitudes for all the five

2→2 body processesl J
1l J

2→x̃1
6l m

7 , x̃1
0nm(x̃1

0n̄m), l̃ m
7W6, ñmZ0(n! mZ0), ñmg(n! mg), and the decays branch-

ing ratios for the produced superpartners are calculated at the tree level. The rates for all five reactions are
proportional tolmJJ

2 whereJ51,2 for e2e1 andm2m1 colliders, respectively. A semiquantitative discussion
is presented within a supergravity model assuming grand unification of gauge interactions and universal~flavor
independent! soft supersymmetry breaking parametersm0 ~scalars!, m1/2 ~gauginos! at the unification scale.
The predictions obtained for the total and partial rates show that the single production reactions have a good
potential of observability at the futuree2e1 and m2m1 supercolliders. For values of theR parity violating
coupling constant of order 0.05, thex̃6,0 productions could probe all the relevant intervals for tanb andm0 and
broad regions of the parameter space for them ~Higgs mixing! and m1/2 parameters (umu,400 GeV,m1/2

,240 GeV), while theñ and l̃ productions could probe sneutrinos and sleptons masses up to the kinematical
limits (mñ,500 GeV,ml̃ ,400 GeV). Using the hypothesis of a single dominantR parity violating coupling
constant, a Monte Carlo events simulation for the reactionsl J

1l J
2→x̃1

6l m
7 ,x̃1,2

0 nm ,x̃1,2
0 n̄m is employed to de-

duce some characteristic dynamical distributions of the final states.@S0556-2821~99!02603-X#

PACS number~s!: 12.60.Jv, 13.10.1q, 13.85.Hd, 14.80.Ly
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I. INTRODUCTION

ShouldR parity turn out to be an approximate symmet
of the minimal supersymmetric standard model, the tr
quantitative tests of such a possibility would have to
sought in high-energy colliders physics, as was first emp
sized in Refs.@1–3#. The great majority of the existing the
oretical studies for the CERNe1e2 collider LEP or the Fer-
milab Tevatron accelerators physics have focused on sig
associated with the LSP~lightest supersymmetric particle!
decays and certain rare decays of the standard model
ticles ~gauge@2,4–6# or Higgs @2# bosons or top-quark@7#!.
A few experimental searches have been attempted forZ0

boson decays@8,9#, for inos decays@10,11# and also in more
general settings@12,13#. Proceeding one step further, inte
esting proposals were made recently to explain the so-ca
ALEPH anomalous four-jets events@14# on the basis ofR
parity violating decays of neutralinos or charginos@15–17#,
squarks@18,19#, sleptons@20#, or sneutrinos@21# produced in
pairs through the two-body processese1e2→x̃0,1x̃0,2 or
e1e2→ f̃ f! . ~See Ref.@22# for recent updates and lists o
references.!

Apart from precursor studies devoted to the DESYep
collider HERA @23–25#, little consideration was given in th
past to single production of supersymmetric particles in s
of the potential interest of a discovery of supersymmetry t
might be accessible at lower incident energies. The rea
of course, is the lack of information about the size of theR
parity odd coupling constants other than the large numbe
indirects bounds deduced from low- and intermediate-ene
phenomenology@26#. Therefore, for obvious reasons, the e
isting single production studies have rather focused on re
nant production of sneutrinos, charged sleptons@1,2,12,27–
0556-2821/99/59~5!/055003~20!/$15.00 59 0550
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32#, or squarks @3,23,27–29#. The interpretation of the
anomalous highQ2 events recently observed at HERA b
the ZEUS @33# and H1 @34# Collaborations, in terms of
squark resonant production, has also stimulated a rene
interest inR parity violation phenomenology@35#.

The collider physics tests of supersymmetric models w
out R parity entail an important change in focus with respe
to the conventional tests: degraded missing energy, dilu
signals, additional background from the minimal supersy
metric standard model interactions, and uncertainties fr
the R parity violation coupling constants compounded w
those from the superpartners mass spectra. Our purpos
this work is to discuss semi quantitatively the potential fo
discovery and the tests of supersymmetry with 2→2 body
single superpartner production. Although several order
magnitudes in rates are lost with respect to the reson
single production, one can dispose here of a rich variety
phenomena with multilepton final states nondiagonal in
vor. In addition, one may also test larger ranges of
sneutrino mass since this need not be restricted by the ce
of mass energy value. Encouraged by the recent deve
ments onR parity violation and by the prospects of hig
precision measurements at supercolliders@36#, we propose to
study single production at leptonic~electron and muon! col-
liders for the set of five 2→2 body reactions l J

1l J
2

→x̃6l m
7 , l J

1l J
2→x̃0nm(x̃0n̄m), l J

1l J
2→ l̃ m

7W6, l J
1l J

2

→ ñmLZ
0(n! mLZ

0), l J
1l J

2→ ñmLg(n! mLg) @J51,2#, in a more
systematic way than has been attempted so far. We l
ourselves to the lowest inos eigenstates. Let us note here
precursor indicative studies of the inos single production
actions were already presented in Refs.@37,38# and that re-
cent discussions concerning the reactionse6g→e6ñ and
e6g→ l̃ 6n, where the photon flux is radiated by one of th
©1999 The American Physical Society03-1
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two beams, were presented in Ref.@39#. We shall restrict our
study to the lepton number violating interactionsLiL jEk

c in
association with the familiar gauge and Yukawa couplings
the minimal supersymmetric standard model. The final sta
consist then of multileptons with or without hadronic jets

This paper contains four sections. In Sec. II, we pres
the main formalism for superpartners production cross s
tions and decay rates. In Sec. III, we present the nonmini
supergravity framework in which our study is developed a
state the principal options concerning the parameter spac
supersymmetry breaking. Based on this discussion, in S
IV, we present numerical results for the total rates and
various branching ratios in wide regions of the parame
space. In Sec. V, we show results for final states distributi
of the processesl J

1l J
2→x̃6l 7,x̃0n,x̃0n̄, obtained by means

of a Monte Carlo events simulation, using theSUSYGENrou-
tine @40#. In Sec. VI, we state our conclusions.

II. GENERAL FORMALISM

Five 2→2 body single production reactions may be o
served at leptonic colliders. We shall use the following sh
hand notation to denote the associated probability am
tudes:

M ~ x̃a
21 l m

1!5M ~ l J
21 l J

1→x̃a
21 l m

1!,

M ~ x̃a
01 n̄m!5M ~ l J

21 l J
1→x̃a

01 n̄m!,

M ~ l̃ mL
2 1W1!5M ~ l J

21 l J
1→ l̃ mL

2 1W1!,

M ~ ñm1Z!5M ~ l J
21 l J

1→ ñm1Z!,

M ~ ñm1g!5M ~ l J
21 l J

1→ ñm1g!, ~1!

where J51,2 is a flavor index for the initial state lepton
~electrons and muons, respectively!, the indexa labels the
charginos or neutralinos eigenvalues and the indexm the
sleptons or sneutrinos families. Our theoretical framewor
the minimal supersymmetric standard model supplemen
by the lepton number violatingR parity odd superpotentia
W5 1

2 ( i jkl i jkLiL jEk
c . This yields the sfermion-fermion

Yukawa interactions

L5
1

2 (
@ iÞ j ,k#51

3

l i jk@ ñ iL ēkRejL1ẽjL ēkRn iL1ẽkR
! n̄ iR

c ejL

2~ i→ j !#1H.c., ~2!

where the sums labeled by indicesi , j ,k, run over the three
leptons and neutrinos families with the conditioniÞ j fol-
lowing from the antisymmetry propertyl i jk52l j ik .

A. Production cross sections

Each of the processes in Eq.~1! has a charge conjugat
partner such that the transformation between pairs of co
gate amplitudes can be formally described by applying aCP
transformation to theS matrix. The relationship is most eas
ily described at the level of the amplitudes squared obtai
05500
f
es

nt
c-
al
d
for
c.
e
r
s

-
rt
li-

is
d

u-

d

after summation over the spins. Because of the simple ac
of CP on the initial statel J

1(k8) l J
2(k), it can be seen that the

amplitudes for the pairs of charge conjugated processes
related by the substitutionsk↔k8 andl i jk↔l i jk

! . The tree
level probability amplitudes are easily calculated by insp
tion of the Feynman diagrams given in Fig. 1. The formu
for the amplitudes are consigned in Appendix A. A few o
servations are in order at this point. First, the same confi
rations of lepton flavor indices, namely,lmJJ with J51,m
52,3 for e2e1 colliders andJ52,m51,3 for m2m1 collid-
ers, occur in all cases. Second, the amplitude for right chi

ity slepton l̃ mR production has not been included in th
above list of formulas for the reason that this is proportio
to the coupling constantsl11m which vanishes by the anti
symmetry propertyl i jk52l j ik . Third, all five processes
can appear only in a single helicity configuration for t
initial fermions~assumed massless!, corresponding to identi-
cal helicities, namely, eitherl L

1l L
2 or l R

1l R
2 ~recall that physi-

cal helicity for antiparticle is opposite to chirality!. Lastly,
we observe that the relative signs between thes, t, and u
channels contributions are dictated by both the structure
the interaction Lagrangian and the signs of the Wick contr
tions for fermions. The results for the spin summed squa
amplitudes are given by somewhat complicated formu
which we have assembled in Appendix A. We have chec
that our formulas forx̃0 and x̃6 productions agree with the
results provided in Refs.@37,38# and @41#.

B. Decays

In order to exhibit the possible physical final states,
need to consider the decays of the produced supersymm
particles, taking into account both the minimal supersymm
ric standard model interactions~denoted RPC orR parity
conserving! and theR parity odd interactions~denoted RPV
or R parity violating!. A number of hypotheses and approx
mations, which we list below, will be employed in the eval
ation of partial rates.

~1! Supersymmetric particles decays are assumed to h
narrow widths~compared to their masses! and are produced
on-shell with negligible spin correlations between the p
duction and decay stages. This allows us to apply the fam
iar phase space factorization formula for the production cr
sections.

~2! Spin correlations are neglected at all stages of
cascade decays such that the branching ratios in singl
double cascades can be obtained by applying recursively
standard factorization formula.

~3! Sleptons belonging to all three families and squa
belonging to the first two families are degenerate in ma
Therefore, for a given decay process as, for instance,x̃2

→n! pl p , either all three generations will be energetically a
lowed or forbidden. Furthermore, flavor off-diagonal cha
nels such asl̃ 1→ l̃ 21Z0, . . . , areclosed.

~4! The lowest eigenstates of neutralinosx̃a
0 and charginos

x̃a
6 (a51) are excited in the cascade chains.

~5! All superpartners decay inside the detector volume
the presence of brokenR parity, the condition for electric
3-2
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FIG. 1. Feynman diagrams for the processesl J
1l J

2→x̃2l m
1 ~a!, l J

1l J
2→x̃0n̄m ~b!, l J

1l J
2→ l̃ mL

2 W1 ~c!, l J
1l J

2→ ñmLZ
0 ~d!, and l J

1l J
2

→ ñmLg ~e!. The circled vertex correspond to the RPV interaction, with the coupling constantlmJJ, and the arrows denote flow o
momentum.
o
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charge neutral LSPs to decay inside the detector yields c
fortable lower bounds of orderl.1027 @3,43#.

~6! Either a single RPV coupling constant is dominant
both the production and decay stages, or a pair of RPV c
pling constants are dominant, one in the production st
(lmJJ) and the other in the decay stage (l i jk). The latter
case with two dominant RPV coupling constants may be
interest since strong bounds on quadratic products exist
for a few family configurations. The strongest bounds ar
from the m→3e decay @42#: lp11lp12,6.531027,
lp21lp11,6.531027 @p52,3#, while other quadratic prod
uct bounds are of order 1023,1024. In addition, as long as
the coupling constantl, which controls the RPV decays,
small in comparison with the gauge coupling constants
not very much smaller~so that the LSP decays inside th
05500
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e
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t

detector!, then the branching ratio will depend weakly onl
since the last stage of the decay chain~LSP decay! is inde-
pendent ofl.

~7! The widths for the decays with four and higher bo
final states are neglected, such as those which occur in s
ton ~sneutrino! decays for,mx̃2,mx̃0.ml̃ (mx̃2,mx̃0.mñ),

mediated by virtual charginos or neutralinos, namely,l̃ m
2

→nml kn̄ j n̄ i and l̃ m
2→ l ml̄ kl jn i ( ñm→ l ml k l̄ j l̄ i and ñm

→nml̄ kl jn i).
~8! A supergravity model for the soft supersymmet

breaking parameters is used where, generically,x̃1
0 is the

LSP.
The consideration of the various order relations in t

superpartners mass spectrum leads to a list of decay sch
3-3
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TABLE I. The allowed chargino decays for different relative orderings of the superpartners masse
column fields give the mass intervals, the decay schemes, the final states corresponding to the
l J

1l J
2→x̃2l m

1 , with a single dominant coupling constantl i jk and the leptonic components of the final stat
in the case of a single dominant coupling constantlm11 @m52,3#. The notationE” stands for missing energy
associated with neutrinos.

Mass intervals Decays Final state lm11

ml̃ 2.mx̃2 ~1! x̃2→ n̄ i n̄ j l k (A) l m
1l k

2E” l m
1e2

ml̃ 2,mx̃2 ~2! x̃2→ n̄ i l̃ i
2→ n̄ i l kn̄ j

mñ.mx̃2 ~3! x̃2→ l j l̄ kl i
(B) l m

1l k
1l i

2l j
2 l m

1l m
2e1e2

mñ,mx̃2 ~4! x̃2→ l in! i→ l i l j l̄ k

ml̃ ,mñ.mx̃2.mx̃0 ~5! x̃2→x̃0l pn̄p→ l pn̄pn i l j l̄ k
(C)l m

1l p
2l k

6l i
7E” l m

1l p
2e1e2,

mx̃2.ml̃ .mx̃0 ~6! x̃2→ n̄pl̃ p
2→ n̄pl px̃0 l m

1l p
2e6l m

7

→ l pn̄pn i l j l̄ k

mx̃2.mñ.mx̃0 ~7! x̃2→ l pn! p→ l pn̄px̃0

→ l pn̄pn i l j l̄ k

mq̃.mx̃2.mx̃0 ~8! x̃2→x̃0qpq̄p→qpq̄pn i l j l̄ k
(D) l m

1l k
6l i

7E” 12jet l m
1e1e2,

mx̃2.mq̃.mx̃0 ~9! x̃2→q̄pq̃p→qpq̄px̃0 l m
1e6l m

7

→qpq̄pn i l j l̄ k

mx̃2.mx̃01mW ~10! x̃2→x̃0W2→W2n i l j l̄ k
(E)l m

1l k
6l i

7W2E” l m
1e1e2,

l m
1e6l m

7

ye

e
o

om

ith
ou-
for the initially produced superparticles. These are displa
in Tables I, II, and III, forx̃6, ñL , and l̃ L , respectively. The
signals for thex̃1

0 decays are very few in number and will b
discussed separately in Sec. IV B 1. Some comments
05500
d
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these tables are in order. Except for hadronic dijet pairs fr
the decay processesx̃6→x̃0q̄q8, all other final particles will
consist of multileptons and missing energy associated w
neutrinos. In the hypothesis of a single dominant RPV c
s. The
process
es
TABLE II. The allowed sneutrino decays for different relative orderings of the superpartners masse
column fields give the mass intervals, the decay schemes, the final states corresponding to the
l J

1l J
2→Z0ñm , with a single dominant coupling constantl i jk and the leptonic components of the final stat

in the case of a single dominant coupling constantlm11 @m52,3#. The notationE” stands for missing energy
associated with neutrinos.

Mass intervals Decays Final state lm11

mñ,mx̃1 ~1! ñm→ l k l̄ j
(A) l k

2l j
1Z0 e1e2

mñ.mx̃1 ~2! ñm→ l mx̃1→ l ml̄ i l̄ j l k
(B) l i

1l j
1l k

2l m
2Z0 e1e2l m

1l m
2

mñ ,ml̃ .mx̃1 ~3! ñm→ l mx̃1→ l mn in j l̄ k
(C)l k

1l m
2E” Z0 e1l m

2

mñ.mx̃1.ml̃ ~4! ñm→ l mx̃1→ l ml̃ j
1n j

→ l mn jn i l̄ k

mñ.mx̃0 ~5! ñm→nmx̃0→nmn i l j l̄ k
(D) l k

6l i
7E” Z0 e1e2,

e6l m
7

mñ.mx̃1.mx̃0 ~6! ñm→x̃1l m→ l mx̃0 l̄ pnp
(E)l p

1l m
2l k

6l i
7E” Z0 l p

1l m
2e1e2,

→ l ml̄ pnpn i l j l̄ k
l p

1l m
2e6l m

7

mñ.mx̃1.ml̃ .mx̃0 ~7! ñm→x̃1l m→ l mnpl̃ p
1

→ l mnpl̄ px̃0→ l mnpl̄ pn i l j l̄ k

mñ.mx̃1.mx̃0 ~8! ñm→x̃1l m→ l mx̃0qpq̄p (F)l m
2l k

6l i
7Z012jet l m

2e1e2,

→ l mqpq̄pn i l j l̄ k
l m

2e6l m
7

mñ.mx̃1.mq̃.mx̃0 ~9! ñm→x̃1l m→ l mq̄pq̃p

→ l mq̄pqpx̃0→ l mqpq̄pn i l j l̄ k

mñ.mx̃1.mx̃01mW ~10! ñm→x̃1l m→ l mx̃0W1 (G)l m
2l k

6l i
7E” W1Z0 l m

2e1e2,

→ l mW1n i l j l̄ k
l m

2e6l m
7

3-4
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TABLE III. The allowed slepton decays for different relative orderings of the superpartners masse
column fields give the mass intervals, the decay schemes, the final states corresponding to the

l J
1l J

2→W1 l̃ m
2 , with a single dominant coupling constantl i jk , and the leptonic components of the final sta

in the case of a single dominant coupling constantlm11 @m52,3#. The notationE” stands for missing energy
associated with neutrinos.

Mass intervals Decays Final state lm11

ml̃ 2,mx̃2 ~1! l̃ m
2→ l̃ kn̄ i

(A) l k
2E” W1 e2

ml̃ 2.mx̃2 ~2! l̃ m
2→nmx̃2→nml kn̄ j n̄ i

(B) l k
2E” W1 e2

ml̃ 2,mñ.mx̃2 ~3! l̃ m
2→nmx̃2→nml j l̄ kl i

(C)l k
1l i

2l j
2E” W1 e1e2l m

2

ml̃ 2.mx̃2.mñ ~4! l̃ m
2→nmx̃2→nmn! i l i

→nml i l j l̄ k

ml̃ 2.mx̃0 ~5! l̃ m
2→ l mx̃0→ l mn i l j l̄ k

(D) l m
2l k

6l i
7E” W1 l m

2e1e2,

l m
2e6l m

7

ml̃ 2.mx̃2.mx̃0 ~6! l̃ m
2→x̃2nm→nmx̃0l pn̄p

(E)l p
2l k

6l i
7E” W1 l p

2e1e2,

→nml pn̄pn i l j l̄ k
l p

2e6l m
7

ml̃ 2.mx̃2.mñ.mx̃0 ~7! l̃ m
2→x̃2nm→nml pn! p

→nml pn̄px̃0→nml pn̄pn i l j l̄ k

ml̃ 2.mx̃2.mx̃0 ~8! l̃ m
2→x̃2nm→nmx̃0qpq̄p

(F)l k
6l i

7E” W112jet e1e2,

→nmqpq̄pn i l j l̄ k
e6l m

7

ml̃ 2.mx̃2.mq̃.mx̃0 ~9! l̃ m
2→x̃2nm→nmq̄pq̃p

→nmq̄pqpx̃0→nmq̄pqpn i l j l̄ k

ml̃ 2.mx̃2.mx̃01mW ~10! l̃ m
2→x̃2nm→nmx̃0W2 (G)l k

6l i
7W2E” W1 e1e2,

→nmW2n i l j l̄ k
e6l m

7
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pling constant in the decays stage, one can deduce the
ous final states flavor configurations by an inspection of
tables~see tables captions!. The producedx̃0, x̃6, ñ, l̃ 6 will
decay according to cascade schemes dictated by the s
partners mass spectrum. It is important to distinguish
direct RPV induced decaysx̃2→ n̄ i n̄ j l k , x̃2→ l i l j l̄ k , x̃0

→n i l j l̄ k , x̃0→ n̄ i l̄ j l k , ñ i→ l k l̄ j , l̃ kR
2→ l jn i , and l̃ jL

2→ l kn̄ i ,

from the indirect RPC induced decaysl̃ L
2→x̃2n̄, ñL

→x̃1l , l̃ L,R
2 →x̃0l , ñL→x̃0n, x̃0→ l̃ 2 l̄ , x̃0→ l l̃ 1, x̃2

→ l̃ 2n̄, x̃2→ ln! , and x̃6→x̃0W6 for two-body final states
and x̃2→x̃0f f̄ ( f 5 leptons or quarks!, for three-body final
states. All the formulas needed to evaluate the partial de
widths are quoted in the Appendix B. As can be seen fr
Tables I–III, a given final state can arise from different pr
cesses, depending on the relative orderings of the masse
reaction chain occurring through an intermediate part
which is produced on-shell leads obviously to the same fi
state when the production of this particle is kinematica
forbidden and it must then occur through a virtual interm
diate state. In the approximation of family degenerate sl
tons, sneutrinos, and squarks, the indexp in the tables runs
over the three generations. A single exception is the hadr
decayx̃6→x̃0upd̄p(x̃0dpūp), which is restricted to the firs
two families because of the large top-quark mass.

Another subtle point concerns the multiplicity of a give
signal, namely, the number of different configurations wh
can lead to the same final state. Due to the antisymm
property ofl i jk , the final states from chargino RPV deca
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~see A and B in Table I! have a multiplicity of 2. The reason
is that these decays proceed through the exchanges o
sleptons~or sneutrinos! in families i and j , for a givenl i jk .
This fact is already accounted for in the virtualx̃6 three-
body decays@A~1!,B~1!, Table I#, but must be put by hand in
the x̃6 cascade decays proceeding through the on-shell
duction of sleptons or sneutrinos which decay subsequ
tially @A~2!,B~2!, Table I#.

To get a better understanding of the interplay betwe
R-parity conserving~RPC! andR-parity violating~RPV! de-
cays, it is helpful to note that the branching ratios can
written formally as,BD5l2/(cg21l2), for direct decays
and, BI5g2B/(c0g21l2), for two-stages indirect decays
whereB5l2/(cg21l2) is the LSP branching ratio,l andg
are symbolic notations for the RPV and RPC coupling co
stants, andc,c0 are calculable constants. Of course,B51, if
the last decaying particle is the LSP, which is the gener
case. For values of the RPV coupling constants small w
respect to the gauge coupling constants (l<0.05), namely,
g2@l2, the dependence onl of the indirect decays branch
ing ratios is weak and we haveBI@BD . For large enough
RPV coupling constant~for example,l50.1) or for sup-
pressed indirect decays~due for example to kinematical rea
sons!, the direct decays may become competitive and b
the direct and indirect branching ratios depend strongly onl.

III. THE MODEL AND ITS PARAMETER SPACE

We shall develop the study of single superpartner prod
tion within a nonminimal supergravity framework, assumi
3-5
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the existence of a grand unified gauge theory and of fam
universal boundary conditions on the supersymmetry bre
ing parameters. The renormalization group improved cla
cal spectrum of the scalar superpartners is determine
principle by the full set of soft supersymmetry breaking p
rameters at the unification scaleMX , namely,m0 ~common
scalars mass!, m1/2 ~common gauginos mass!, A ~trilinear
Yukawa interactions!, Bm ~bilinear Higgs interaction!; by the
parameters tanb5vu /vd5^Hu&/^Hd& and m(t), where t de-
notes the running scale; and by the gauge coupling cons
ga(t), along with fermions massesmf

2(t). If one neglects the
Yukawa interactions of quarks and leptons with the Hig
bosons, then the running masses of all sfermions rem
family degenerate down to the electroweak breaking sc
where they are described by the familiar additive formula

m
f̃

2
~ t !5mf

2~ t !1m0
21cf~ t !m1/2

2 6mZ0
2 cos~2b!~T3

f 2QfxW!,
~3!

where cf(t) are calculable coefficients depending on t
gauge interactions parameters and the last term represen
D-term contribution, the upper and lower sign being for t
left and right chirality sfermions, respectively. The most r
evant Yukawa coupling constants, namely, those of the t
family of up-quarks or, for large tanb, of d-quarks and lep-
tons, are expected to induce downwards shifts for the th
family squarks~up and down! and sleptons, which depen
nontrivially on the parametersA and m. In this work, we
shall restrict consideration to the simple case of family in
pendent running masses and employ the approximate re
sentation in Eq.~3! with the numerical values quoted in Re
@44#. Note that the total rates do not depend on the squa
masses and, as already remarked in Sec. II B, the third fa
lies of squarks are not considered in the cascade decays
charginos and neutralinos classical mass spectra are d
mined by the subset of parametersM1(t), M2(t), m(t), and
tanb. For fixedm1/2, the solution of the one loop renorma
ization group equations is given explicitly bym1/25(1
2bat)Ma(t), wheret5 log(MX

2/Q2), Q denoting the running
scale,ba5gX

2ba /(4p)2,ba5(3,21,211) with a5(3,2,1),
corresponding to the beta functions parameters for the ga
group factors SU~3!, SU(2)L , U(1)Y , andgX is the coupling
constant at unification scale. Note that the wino and b
masses are related asM1(t)5 5

3 M2(t)tan2 uW. It is useful
here to comment on the relation of our framework with t
so-called minimal supergravity framework in which one a
sumes a constrained parameter space compatible with
troweak symmetry breaking. Let us follow here the so-cal
ambidextrous minimal supergravity approach@45#, where
one chooses@m0 ,m1/2,A,sgn(m),tanb# as the free param
eters set and derivesm(tZ),Bm(tZ), at the electroweak sym
metry breaking scaletZ5 ln MX

2/mZ
2 , through the minimiza-

tion equations for the Higgs bosons potential. For fixedm0 ,
m1/2, and tanb, varyingA will let the parameterm(tZ) span
finite intervals of relatively restricted sizes. In Fig. 2, we gi
results of a numerical resolution of the renormalizati
group equations which show the variation ofum(tZ)u as a
function of m0 andm1/2, and also exhibit its dependence o
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A. Note that the equations admit the symmetry,m(tZ)
→2m(tZ). Observing thatm(tZ) is typically a monotonous
increasing function ofA, we see from Fig. 2 that the corre
sponding incremental increasedm(tZ)/m(tZ), as one spans
the wide intervalAP@25,15#, is small and of order 20%.

In the infrared fixed point approach for the top-qua
Yukawa coupling, tanb is fixed ~up to the ambiguity associ
ated with large or low tanb solutions! in terms of the top-
quark mass mt5C sinb, with C.190– 210 GeV for
a3(mZ0)50.11– 0.13@46#. The dependence onA of the elec-
troweak constraint also becomes very weak, so thatm(tZ) is
a known function ofm0 , m1/2 and tanb @46#:

m21
mZ

2

2
5m0

2 110.5 tan2 b

tan2 b21
1m1/2

2 0.513.5 tan2 b

tan2 b21
. ~4!

In Sec. IV B, we will discuss results for the branchin
ratios in this constrained model. The total rates are not
fected in any significant way by which version of the sup
gravity models is used, since, as we will see, their dep
dence on tanb andm0 turns out to be smooth.

The main uncertain inputs are the superpartners m
spectrum and the coupling constantsl i jk . To survey the
characteristic properties of single production over a bro
region of parameter space, we found it convenient to c
sider a continuous interval of variation form(tZ), namely,
m(tZ)P@2400,1400# GeV, while choosing suitable dis
crete values for the other parametersM2(tZ)550,80,100,
150,200 GeV,m0520,50,150 GeV, and tanb52,50. We
shall set the unification scale atMX5231016GeV and the
running scale atQ25mZ

2 . For definiteness, we choose th
coupling constant, which controls the size of the product
cross section, at the reference valuelmJJ50.05. This is the
strongest bound for a slepton mass of 100 GeV@26#. The
dependence of integrated total rates onlmJJ is then given by
a simple rescaling (lmJJ/0.05)2 but that of branching ratios
on l i jk ~which may or may not be identified withlmJJ) is
more complicated because of the interplay between the R
and RPV contributions which add up in the total dec
widths. The reference value used here,l i jk50.05, is also an
interesting borderline value since below this value the dep
dence of branching fractions onl i jk becomes negligible in
generic cases.

It will prove helpful in the following discussion to kee
within sight the spectrum for the low-lying inos. We displa
in Fig. 3 the results obtained by solving numerically the
genvalues problem for the charginos and neutralinos m
matrices. Recall the current experimental bounds@47#, mx̃

1
0

.23 GeV, mx̃
1
6.45 GeV, mñ.37.1 GeV, and ml̃

.45 GeV. The following remarks about Fig. 3 will prov
relevant for the discussion on branching fractions.~i! The
symmetry of the spectra underm↔2m is spoiled at low
tanb as can be seen on the explicit expression for the i
masses in Ref.@48#. ~ii ! The mass differencesx̃12x̃0 in-
crease withumu with a steep rise appearing atm5M2 , the
borderline between the Higgsino and gaugino dominant
gimes. ~iii ! The spacingsx̃2

02x̃1
0 and x̃1

12x̃1
0 decrease in

magnitudes, relatively to thex̃1
0 mass, with increasingM2 .
3-6
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FIG. 2. The solutionm(tZ), at scalemZ , for the electroweak symmetry radiative breaking equations, at running top-quark
mt(mt)5171 GeV (mt

pole5180 GeV), is plotted as a function ofm0 /100 GeV andm1/2/100 GeV for four values of the pair of paramete
A and tanb.
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Although we show here the results forx̃2
0 mass, the interest

ing possibility of exciting the second neutralinox̃2
0 is not

considered in the subsequent discussion.

IV. RESULTS AND DISCUSSION

A. Total production rates

The total production rates are evaluated by taking the
gular integrals5*

2xm

1xm(ds/dx)dx @x5cosu#, over the dif-

ferential cross sections which are given explicitly in Eq
~A2!–~A6! in Appendix A. To follow the usual practice w
shall set an angular cutoff to account for the poor detec
condition along the beam pipe 170°.um.10°, correspond-
ing to xm5cosum50.9848.

1. Inos production

The results for the integrated rates of the production of
lowest mass eigenstatesx̃1

2 and x̃1
0, at LEPII energies, are

displayed in Figures 4 and 5, respectively. The inos prod
tion rates depend smoothly on tanb, and on the mass param
etersm, m0 , M2 , in a way which closely reflects on the ma
spectrum. Thus, the symmetry underm↔2m is upset only
05500
n-

.

n

e

c-

for low tanb and the rates decrease with increasingM2 . The
only cases where fast variations of rates arise are for va
of m0 andM2 at which the center of mass energy hits on t
sneutrinos-channel poleAs5mñ . As m0 increases, the reso
nance occurs at smaller values ofM2 since the sneutrino
mass depends onM2 , m0 , and tanb @see Eq.~3!#. The pole
cross sections themselves, as parametrized by the con
tional formula

s~ l 1l 2→X!5
8ps

mñ
2

G~ñ→ l 1l 2!G~ ñ→X!

~s2mñ
2!21Gñ

2

'4108S 100 GeV

mñ
D 2

B~ ñ→ l 1l 2!B~ ñ→X! fb,

~5!

can grow to values several order of magnitudes higher.
clarity, we have refrained from drawing the cross sectio
close to the resonant energy in the same plot. This is
reason why the curves corresponding toM25150 GeV do
not appear in Figs. 4~c!, 4~d! and 5~c!, 5~d!. The effect of the
pole can be seen forM25200 GeV in Figs. 4~a!, 4~b! and
5~a!, 5~b!. We note also that form50, x̃1

0 is a pure Higgsino
3-7



M. CHEMTOB AND G. MOREAU PHYSICAL REVIEW D59 055003
FIG. 3. Mass spectrum for the charginox̃1
6 and the first two lowest mass neutralinosx̃1

0 and x̃2
0 as a function ofm. Four choices of the

parameters, tanb andM2 ~in GeV!, are used, as indicated on top of each window.
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and thex̃1
0 production cross section vanishes. The results

inos production rates at Next Linear Collider~NLC! or
m1m2 colliders center of mass energies are displayed
Figs. 6 and 7. The drop with respect to the LEPII energie
nearly by one order of magnitude. The second neutra
production ratess(x̃2

0)5s( l J
1l J

2→x̃2
0nm), when this is ki-

nematically allowed, turns out to be of the same order
magnitude ass(x̃1

0). For As5500 GeV, s(x̃1
0) and s(x̃2

0)
are numerically close throughout the parameter space of
model. However, forAs5200 GeV, there are regions~large
tanb,m,0) where one hass(x̃2

0)'2s(x̃1
0) and other re-

gions ~low tanb,m.0) where one rather hass(x̃2
0)

' 1
2 s(x̃1

0). As for the production rate of the second chargi
s(x̃2

2), this is always nearly an order of magnitude belo
s(x̃1

2).

2. Sleptons production

The slepton and sneutrino production rates depend so
on the sleptons masses andlmJJ. The results, obtained b
settingml̃ 5mñ , are displayed in Fig. 8 for three values
05500
r

n
is
o

f

ur

ly

the center of mass energies. An account of the mass di
ence betweenml̃ and mñ would not change the numerica
results in any significant way.

The differential cross section for the reactionl J
1l J

2→ ñg
must be treated with special care because of its extreme
sitivity at the end pointsx561 in the limit of vanishing
electron massme→0. As appears clearly on the expressi
of the squared momentum transfer variablet5(k82p8)2

5mg
22 1

2 (s2mñ
21mg

2)@12(k/Ek)(p/Ep)x#, for mg50, the
t-channel amplitude has a collinear singularityt→0 as x
→1. An analogous collinear singularity occurs for th
u-channel amplitudeu5(k2p8)2→0 asx→21. Imposing
the cutoff on the center of mass angleu makes the regular-
ization of collinear singularities pointless.

In the limit of vanishingmg , independently ofx andme ,
the sneutrino production cross section becomes infinite at
limiting energy pointAs5mñ . This accounts for the prop
erty of the numerical results for the integrated cross sec
to rise withmñ , as seen in Fig. 8~c!. However, if one were to
set mg at, say, ther-meson mass, in line with the vecto
meson dominance hypothesis, one would rather find the
posite behavior with respect to the dependence onmñ . Ob-
3-8
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serve that the increase of the cross section withmñ corre-
sponds to the fact that, formñ'As, the processl J

1l J
2→ ñg

behaves similar to a sneutrino resonant production, acc
panied by the initial state radiation of a soft photon.

3. Discussion

In summary, the single production rates range from s
eral 10’s of fb to a few 100’s of fb at LEP energies a
several units to a few 10’s of fb at NLC energies. Therefo
the superpartners single production are at the limit of obs
ability for LEPII assuming an integrated luminosity per ye
of 200 pb21 at As5200 GeV. The prospects for single pro
duction should be rather good at NLC@49# andm1m2 col-
liders @50# since the assumed integrated luminosity per y
is expected to be about 50 fb21 at As5500 GeV. Moreover,
it is important to note here that had we considered for
RPV coupling constants, constant values for the prod
lmJJ(ml̃ R

/100 GeV), rather than forlmJJ, the rates would

get an important amplification factor (ml̃ R
/100 GeV)2 for

increasing superpartners masses. Note that the slepto
volved in the bound is of right chirality and thus is of opp

FIG. 4. The integrated cross sections for the processl J
1l J

2

→x̃1
2l m

1 , at a center of mass energy of 200 GeV, are shown a
function of m for discrete choices of the remaining parameters:~a!
tanb52,m0550 GeV, ~b! tanb550,m0550 GeV, ~c! tanb52,
m05150 GeV, and ~d! tanb550,m05150 GeV, with lmJJ

50.05. The windows conventions are such that tanb52,50 hori-
zontally andm0550,150 GeV vertically. The different curves refe
to the values ofM2 of 50 GeV ~continuous line!, 100 GeV~dot-
dashed line!, 150 GeV~dashed line!, and 200 GeV~dotted line!, as
indicated at the bottom of the figure.
05500
-
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,
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r

r

e
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site chirality than the slepton involved in the rate. Of cour
the masses ofl̃ L and l̃ R are related in a given model. A
As5500 GeV and assumingl i jk>0.05, all the single pro-
duction reactions should be potentially observable ove
broad region of parameter space. The slepton production
actions could then probe slepton masses up to 400 GeV@Fig.
8~a!# and sneutrino masses up to 500 GeV@Fig. 8~c!#. The
ino production reactions could probe a large region of
parameter plane (m,M2), since the dependence on the p
rametersm0 and tanb is smooth. To strengthen our conclu
sions, it is necessary to examine the signatures assoc
with the final states, which is the subject of the next secti

B. Branching ratios

In the narrow resonance approximation, the partial tran
tion rates are readily obtained by multiplying the total ra
for each reaction with the decay branching fractions. T
various final states for each of the 2→2 single production
reactions have been listed in Tables I–III. The leptons fam
configurations in the final states will depend on the hypo
esis for the RPV coupling constant~single or pair domi-
nance!.

a
FIG. 5. The integrated cross sections for the processl J

1l J
2

→x̃1
0n̄m , at a center of mass energy of 200 GeV, are shown a

function of m for discrete choices of the remaining parameters:~a!
tanb52,m0550 GeV, ~b! tanb550,m0550 GeV, ~c! tanb52,
m05150 GeV, and ~d! tanb550,m05150NGeV, with lmJJ

50.05. The windows conventions are such that tanb52,50 hori-
zontally andm0550,150 GeV vertically. The different curves refe
to the values ofM2 of 50 GeV ~continuous line!, 100 GeV~dot-
dashed line!, 150 GeV~dashed line!, and 200 GeV~dotted line!, as
indicated at the bottom of the figure.
3-9
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With the purpose of testing characteristic points of t
parameter space, we have evaluated the branching ratio
the decays of the superpartners, namely,x̃1

6 , l̃ 6, andñ, for
variablem at discrete choices ofM2 , m0 , and tanb, such
that the main typical cases in the ordering of the massesmx̃

1
0,

mx̃
1
6,ml̃ ,mñ , can be explored. The results are shown in Fi

9, 10, and 11, for the chargino, the sneutrino, and the slep
decays, respectively. The curves for the various branch
ratios are distinguished by the same letters~numbers! as
those used in Tables I–III to label the various final sta
~decay processes!. We shall now discuss in turn the variou
superpartner decay schemes corresponding to the five s
production reactions.

1. Lowest mass neutralino

The branching ratios for thex̃1
0 disintegrations are bes

analyzed separately. For convenience, we do not treat
casesmx̃

1
0.mq̃ andmx̃

1
0.mx̃

1
6, since these arise marginall

in most of the currently favored models~supergravity or
gauge mediated soft supersymmetry breaking!. The cascade
decays which occur ifmx̃

1
6,mx̃

1
0 are also not considere

FIG. 6. The integrated cross sections for the processl J
1l J

2

→x̃1
2l m

1 , at a center of mass energy of 500 GeV, are shown a
function of m for discrete choices of the remaining parameters:~a!
tanb52,m0550 GeV, ~b! tanb550,m0550 GeV, ~c! tanb52,
m05150 GeV, and ~d! tanb550,m05150 GeV, with lmJJ

50.05. The windows conventions are such that tanb52,50 hori-
zontally andm0550,150 GeV vertically. The different curves refe
to the values ofM2 of 50 GeV ~continuous line!, 100 GeV~dot-
dashed line!, 150 GeV~dashed line!, and 200 GeV~dotted line!, as
indicated at the bottom of the figure.
05500
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since the corresponding region of the parameter space@Fig.
3~c!# is forbidden by the experimental constraints on the in
masses. Thus, the processl J

1l J
2→x̃1

0nm will only generate
events with 2 leptons1E” . At this point, it is necessary to
specialize our discussion to a single dominant coupling c
stant hypothesis, assumingl i jkÞ0 not necessarily identica
to lmJJ. One may distinguish the following four distinc
cases. For an LSPx̃1

0, namely,mx̃
1
0,ml̃ ,mñ ~case 1!, only

the direct RPV three-body decaysx̃1
0→ n̄ i l̄ j l k ,x̃1

0→n i l j l̄ k ,
are allowed. The branching ratios are then determined on
basis of simple combinatoric arguments. For a dominant c
pling constant, say,lm11, there are four final statesn1l m

2e1,
n̄1l m

1e2, nme2e1, andn̄me1e2. Accordingly, the branching
ratios ofx̃1

0 into two charged leptons will depend on the typ
~flavor,charge! of the final state: The branching ratios equ
1
2 for the flavor diagonale1e2 or flavor nondiagonall 6e7

channels,14 for the fixed charges and flavorsl 1e2, or l 2e1

channels and 1 for the lepton-antilepton pairs of unspeci
flavors. For a dominant coupling constantl i jkÞlm11, an
analogous result is obtained. Formx̃

1
0.ml̃ ,mñ ~case 2!, the

branching ratio forx̃1
0 decay is

a FIG. 7. The integrated cross sections for the processl J
1l J

2

→x̃1
0n̄m , at a center of mass energy of 500 GeV, are shown a

function of m for discrete choices of the remaining parameters:~a!
tanb52,m0550 GeV, ~b! tanb550,m0550 GeV, ~c! tanb52,
m05150 GeV, and ~d! tanb550,m05150 GeV, with lmJJ

50.05. The windows conventions are such that tanb52,50 hori-
zontally andm0550,150 GeV vertically. The different curves refe
to the values ofM2 of 50 GeV ~continuous line!, 100 GeV~dot-
dashed line!, 150 GeV~dashed line!, and 200 GeV~dotted line!, as
indicated at the bottom of the figure.
3-10
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B~ x̃1
0→ n̄ i l̄ j l k!

5
G~x̃1

0→ l̃ j l̄ j !B~ l̃ j→ n̄ i l k!1G~x̃1
0→ ñ i n̄ i !B~ ñ i→ l̄ j l k!

3G~x̃1
0→ l̃ j l j !13G~x̃1

0→ ñ in i !

5
1

3
, ~6!

where we have used the fact that in the present case, as
ing a dominant coupling constantl i jk , B( l̃ j→ n̄ i l k)5B( ñ i

→ l̄ j l k)51. The factors 3 in the denominator account for t
number of families. For the intermediate casemñ.mx̃

1
0

.ml̃ ~case 3!, there occur contributions from two-body RP
decays and three-body RPV decays, such that

FIG. 8. The cross sections for the processesl J
1l J

2→ l̃ m
2W1 ~a!,

l J
1l J

2→ ñmZ0 ~b! andl J
1l J

2→ ñmg ~c!, are shown as a function of th
slepton mass and the sneutrino mass, forlmJJ50.05. The three
values of the center of mass energies considered are 200, 500
1000 GeV, as quoted in the top window.
05500
m-

B~ x̃1
0→ n̄ i l̄ j l k!

5
G8~ x̃1

0→ n̄ i l̄ j l k!1G~x̃1
0→ l̃ j l̄ j !B~ l̃ j→ n̄ i l k!

G8~ x̃1
0→ n̄ i l̄ j l k!13G~x̃1

0→ l̃ j l j !

.
1

3
, ~7!

where the prime onG8 is a reminder to indicate that th
decay width includes only the contribution from a virtu
sneutrino exchange. The approximate equality in Eq.~7! de-
rives from the fact thatG8(x̃1

0→n i l̄ j l k)!G(x̃1
0→ l̃ j l̄ j ),

based on the expectation that an RPV three-body de
should be much smaller than an RPC two-body decay.
analogous argument to that of case 3 holds for the o
intermediate caseml̃ .mx̃

1
0.mñ ~case 4!. For the cases 2, 3

and 4, the multiplicity factors are the same as for the cas
The x̃1

0 process may occur at the end stage in the decay

x̃1
2 , l̃ and ñ, to be discussed below. The associatedx̃1

0 de-
cay multiplicity factors for the two leptons final states w
then take the same values as quoted above for the var
selection criteria. In quoting numerical results below, w
shall, for convenience, assume the case of unspecified le
flavor and charge and thus will set the multiplicity factors
unity.

and

FIG. 9. Branching ratios for the charginox̃1
2 decays as a func-

tion of m. The results in the four windows are obtained with t
following choices for the parameters@(M2(GeV),m0(GeV),
tanb,lijk),mñL

(GeV),ml̃ L
(GeV)#: ~a! @~80,20,2,0.05!, 57.05,84.23#,

~b! @~80,20,50,0.05!, 39.95,89.39#, ~c! @~80,20,2,0.1!, 57.05,84.23#,
~d! @~200,100,2,0.05!, 202.3,211.6#. The final states are labeled b
the letters A–E, which have the same meaning as in Table I.
3-11
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2. Lowest mass chargino

The results in Fig. 9 for the high tanb case show a high
degree of symmetry with respect tom↔2m, which arises
from the symmetry in the inos mass spectrum@Figs. 3~a!,
3~b!#. As can be seen from Figure 9~a!, a dominant mode for
the chargino at high values ofumu is the cascade decay,x̃2

→x̃0l 2n̄, since this occurs via the two-body decayx̃2

→ l 2n! @C~7!#. Indeed, for these high values ofm, one has
mn! ,mx̃2. This two-body decay competes with the oth
two-body decayx̃2→x̃0W2, when the latter is kinemati
cally allowed, as is the case form'2300 GeV in Fig. 9~d!.
The RPV direct decays~A and B! are three-body decays wit
small coupling constant and are thus suppressed. Howe
for l i jk50.1, the direct RPV decay B~4! can become domi-
nant @moderate negative values ofm in Fig. 9~c!#. Even for
l i jk50,05, the channelB~4! may be competitive ifmn!
'mx̃0 @m'2100 GeV in Fig. 9~a!#. Furthermore, in the case
mn! ,mx̃0,mx̃6, the only open channel for the sneutrino
n!→ l l̄ , so that the dominant mode for the chargino decay
once more the RPV decay B~4! @high values ofumu in Fig.
9~b!#. For small values ofumu, the difference between the tw
dominant leptonic~C! and hadronic~D! cascade decays i
due to the flavor and color factors. We note also that i
small interval ofm nearm50, mx̃

1
0.mx̃

1
6 ~see Fig. 3!, and

consequently the only open channels are the direct RPV
cays@Figs. 9~a!,9~c!,9~d!#. In this region, the direct RPV de
cay A~1! is negligible because the branching ratio depe

FIG. 10. Branching ratios of the sneutrino decays as a func
of m. The results in the four windows are obtained with the follo
ing choices for the parameters:@(M2(GeV),m0(GeV),tanb,lijk),
mñL

(GeV),ml̃ L
(GeV)#: ~a! @~80,20,2,0.05!,57.05,84.23#, ~b!

@~80,20,50,0.05!,39.95,89.39#, ~c! @~80,20,2,0.1!,57.05,84.23#, ~d!
@~200,100,2,0.05!,202.3,211.6#. The final states are labeled by th
letters A–F, which have the same meaning as in Table II.
05500
r

er,

is

a

e-

s

on U11 which is small @51#. In conclusion, the highes
branching ratios are associated with the cascade decays
and E, except for the case in which the sneutrino is the L
where they are associated with the RPV decays B. The ra
of m for which the charginox̃1

2 is the LSP is excluded by the
experimental constraints on the inos masses~see Fig. 3!.

3. Sneutrino

We turn now our attention to the sneutrino decays. F
high values ofm, the cascade decay D has the highest pr
ability @Figs. 10~a!,10~d!# since the decay into chargino i
either kinematically forbidden or suppressed by a sm
phase space. The RPV direct decay A, as for the charg
study, may be important for values ofl i jk near 0.1@negative
m in Fig. 10~c!#. When the sneutrino is the LSP, the RP
direct decay has a branching ratio equal to unity@Fig. 10~b!#.
For small umu, the decays E~6! and F~8! through charginos
dominate the decay D through neutralinos. The reason is
for m50, x̃1

0 is a pure Higgsino, whose couplings are wea
In the so called Higgsino limitm→0 @51#, the decays B and
C~3! are small since they occur through thex̃2 RPV direct
decays. However, they have the highest probability ifmx̃

1
0

.mx̃
1
6 @Figs. 10~a!,10~c!,10~d!#. The relation between the

leptonic ~E! and hadronic~F! cascade decays can be e
plained in the light of the study on the chargino. We co
clude that the cascade decays B, D, E, and F, are always
dominant modes, except when the sneutrino is the LSP.

n FIG. 11. Branching ratios of the slepton decays as a function
m. The results in the four windows are obtained with the followi
choices for the parameters;@(M2(GeV),m0(GeV),tanb,lijk),
mñL

(GeV),ml̃ L
(GeV)#: ~a! @~80,20,2,0.05!,57.05,84.23#, ~b!

@~80,20,50,0.05!,39.95,89.39#, ~c! @~80,20,2,0.1!,57.05,84.23#, ~d!
@~200,100,2,0.05!,202.3,211.6#. The final states are labeled by th
letters A–F, which have the same meaning as in Table III.
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4. Slepton

Finally, we concentrate on slepton decays. For high v
ues ofm, the cascade decays via charginos are reduced
cause of a small phase space@in Fig. 11~b! or for m,0 in
Figs. 11~c!,11~d!# or even closed@for m,0 in Fig. 11~a!#. In
these cases, the decay D via neutralinos dominates. E
where, the decays via charginos have higher branching ra
@for m.0 in Figs. 11~a!,11~d!# since larger coupling con
stants are involved. In the Higgsino limit, the slepton casc
decay D viax̃1

0 is suppressed for the same reason as in
sneutrino study. The decay viax̃1

2 is then dominating. The
interpretation of the difference between the decays B, C
and F, via charginos is based on the specific behaviors o
chargino branching ratios which have already been descr
above. We see in Fig. 11~c!, that for l i jk50.1, the RPV
direct decay A is still very reduced. This is due to the im
portant phase space for the slepton decay into neutra
Lastly, a new phenomenon appears for the slepton cas
the Higgsino limit (m→0) at large tanb, the matrix element
U11→0 which forces the vertexl̃ x̃6n @see Eq.~B3! in Ap-
pendix B# and the branching ratios for the cascade dec
through the chargino to vanish@51#. This is the explanation
of the fact that form.0, one observes a peak of the dire
RPV decay branching fraction@Fig. 11~b!#. Similar peaks are
also observed at shiftedm,0 for the low tanb cases@Figs.
11~a!,11~c!,11~d!#. However, this behavior appears fo
ranges of the parameters which are forbidden by the bou
on the inos masses~Fig. 3!. The conclusion is that the cas
cade decays have always the highest probability for the
son that theL-chirality slepton cannot be the LSP in gene
supergravity models.

5. Discussion

In summary, we have learned that the general behavio
branching ratios is mainly determined by the phase space
thus by the ordering of the supersymmetric particles mas
We have explored all the characteristic casesmñ.mx̃

1
2

.mx̃
1
0, mx̃

1
2.mñ.mx̃

1
0, andmx̃

1
2.mx̃

1
0.mñ . For high val-

ues ofm0 lying aboveM2 , the sleptons would have mass
greater than the inos masses. We have not analyzed this
since one has then the same situation in the mass orderin
for the case of small values ofumu ~except for large enough
values ofm0 where the on-shellW6 production can take
place in l̃ and ñ decays G!. In this situation, as we hav
explained above, the charginos principally decay into n
tralinos, while the sleptons and sneutrinos decay into cha
nos. The main conclusion is that the cascade decays ar
dominant modes except if the sneutrino is the LSP. In t
case, the RPV decay,x̃1

2→ l in! i→ l i l j l̄ k , is dominant for the
chargino decays, and the only open channel for the sneu
is of course the direct RPV decay. Besides, for values ofl i jk
higher than 0.05, the RPV direct decay branching ratios
reach significant levels for the case where the cascade de
are suppressed due to small phase space factors.

The excitation of the second neutralinox̃2
0 deserves some

attention since this may have in certain regions of the par
eter space comparable, if not larger, production rates than
05500
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excitation of x̃1
0. Assuming that the direct RPV widths ar

small enough so that the decay chain is initiated by the R
contributions, then the disintegration modex̃2

0→(x̃1
0

1 l 1l 2),(x̃1
01 n̄n), will also yield 2l1E” and 4l1E” final

states, respectively, and the other disintegration modesx̃2
0

→(x̃1
11 l 2n̄,x̃1

21 l 1n),(n! n,ñ n̄),( l̃ 6l 7), will yield 2l1E”
and 4l1E” final states according to decay schemes simila
those given in Tables I–III. In our supergravity models, t
x̃2

0 decay intox̃1
6 should be suppressed by a small pha

space~Fig. 3!. To determine which of the decay modesx̃2
0

→x̃1
0 , l̃ or ñ, leads to the dominant signal would require

detailed comparison of branching ratios at the initial as w
as the subsequent stages.

Let us ask in what way would alternate hypotheses on
family dependence affect our conclusions. Especially rega
ing the multiplicities of final states, this is relevant for th
casesmx̃

1
2.ml̃ ,mñ , where the chargino can cascade dec

to on-shell sleptons or sneutrinos@A~2! and B~4! in Table I#.
As we have emphasized in the last paragraph of Sec. II B,
chargino decays have a multiplicity of 2 for three degener
families of sleptons. For the case of two degenerate famil
labeled by the indicesm,n, assuming a dominant RPV cou
pling constantl i jk , the multiplicity equals 2 for (m,n)
5( i , j ), since the two sleptons from familiesi and j can be
produced on-shell, and equals 1 form5k or n5k. For the
physically interesting case of a single low mass family,
beled by the indexm, one finds that the multiplicity equals
for mÞk and 0 otherwise. The conclusion is that the RP
contributions A and B~in Table I! to the chargino branching
ratios increase as the number of slepton families, which
lower in mass than the chargino, becomes higher. This
fect, which is quite small, would affect the branching rati
in parameters regions for which the RPV contributions A a
B are not weak, that is form,0 in Figs. 9~a!–9~c!.

In Fig. 12, we present results for the branching fractio
for fixed m0 in the infrared fixed point model with elec
troweak symmetry breaking. In this constrained versi
where m1/2 varies with m, the dependence onm is rather
similar to that of the nonminimal model where we worke
instead with fixedm0 andm1/2. However, as we see from th
mass spectrum, here the LSP is the neutralinox̃1

0 for all the
physical ranges of the parameters. Due to the large m
difference between thex̃1

0 LSP and the NLSP~next to LSP!,
the cascade decays are the only dominant modes and
branching ratios for the RPV direct decays are very wea

Let us add a few qualitative remarks on the predictions
gauge mediated supersymmetry breaking models. In o
for the production rates in the minimal model@52# to have
the same order of magnitude as those obtained in the su
gravity model of Sec. IV, one needs a parameterL5F/M
.104 GeV, using familiar notations for the supersymmet
breaking scale (AF) and messenger scale (M ). Concerning
the signals, by comparing the mean free paths forx̃1

0 ~favor-
ite candidate for LSP! in both models, one finds that th
decay channel to the gravitinox̃1

0→gG̃ becomes competitive

with the RPV decay channelx̃1
0→n l l̄ for A^F&/100 TeV

<1022/Al.
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Let us also comment briefly on some of the experimen
issues. A given final state can possibly arise simultaneo
from several of the single production processes. The imp
tant 4l1E” signal which occurs forx̃6, l̃ 6,ñ productions is
one such example where one may be forced to add all t
types of cross sections in comparing with some given exp
mental data sample. Similarly, for most signals, one m
typically add the contributions from the two charge con
gate partner processes. Concerning the competition with
standard model background, one expects that the most
portant contributions to the final states 2l1E” and 4l, will
arise from the reactionsl J

1l J
2→W1l 2n̄, W2l 1n, W1W2,

Z0l 1l 2,Z0Z0,Z0g. In spite of the large standard model rat
of order one picobarn atAs5500 GeV@38#, one should be
able to distinguish the single production signals by explo
ing their specific nondiagonal flavor character~final state B
in Table III and A in Table II!. The other multileptons fina
states, generated by the cascade decays, 4l1E” ,4l1Z0,3l
1Z01W61E” , . . . , have a standard model backgrou
which is negligible. The potentially large two photons bac
ground processes, induced bygg photons pairs radiated b
the initial leptons, can be significantly reduced by impos
suitable cuts on the leptons transverse momenta. Finally
note that the selection by the RPV single production of id
tical helicities for the initial state,l H

1l H
2, can be exploited to

discriminate against the minimal supersymmetric stand

FIG. 12. Mass spectrum of the supersymmetric particles~a!, in
GeV, and branching ratios for the decays of the chargino~b!,
sneutrino~c!, and slepton~d!, as a function ofm. The results are
obtained form05100 GeV, using Eq.~4!. The final states in figures
~b!,~c!,~d! are labeled by the letters A,B, . . . , which have the same
meaning as in Tables I–III, respectively.
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model and also the standard model, for which the ident
helicities configuration only appears with thet-channel
Z-boson exchange.

V. DYNAMICAL DISTRIBUTIONS

The distributions of rates with respect to kinematical va
ables associated with the final states offer helpful mean
characterize the underlying production processes. As an
dicative study we shall present here some characteristic
namical distributions obtained for the production reactio
l J

1l J
2→x̃1

6l 7,x̃1
0n,x̃1

0n̄,x̃2
0n,x̃2

0n̄, from a Monte Carlo events
simulation for which we have used the event genera
SUSYGEN @41#. We concentrate on the final state signals
2l1E” , 4l and 4l1E” . Note that for high values ofm, the final
state 4l1E” is the dominant mode for the chargino, slepto
and sneutrino decays. This signal also receives contribut
from the reactionsl J

1l J
2→ ñZ0(n! Z0),ñg(n! g), l̃ 6W7, which

however are not included in the simulation. The stand
model background is expected to be small for the 4l1E” sig-
nal. The main background from the minimal supersymme
standard model interactions arises from the neutralino R
pair productionl J

1l J
2→x̃1

0x̃1
0 . Following the analysis in Ref

@53#, we consider an incident energy ofAs5350 GeV and
use a nonminimal supergravity model for which we choo
the set of parametersM25250 GeV, m5400 GeV, m0
570 GeV, tanb52, which yields the spectrummx̃

1
0

5118.5 GeV, mx̃
2
05221.4 GeV, mx̃

1
65219.1 GeV, mñL

5225 GeV, ml̃ L
5233 GeV, ml̃ R

5141 GeV. The inte-

grated rates~ignoring acceptance cuts! are, for lmJJ50.05
@m52#, s(x̃1

1m2)530.9 fb, s(x̃1
0nm)54.8 fb, s(x̃2

0nm)
512.1 fb, ands(x̃1

0x̃1
0)5238.9 fb. We consider the follow

ing five dynamical variables for all types of final states. I
variant missing energyEm5( i PnEi where the sum is ove
the neutrinos, as appropriate to a brokenR parity situation.
Average per event of them6 lepton transverse momentum
Pt(m

6)5( i upt(m i
6)u/Nm , where Nm is the number of

muons. Angle between the momenta of same electric cha
sign ~SS! muons pairs. Average per event of the summ
transverse momenta for leptons pairs of same sign~SS! or
opposite sign~OS! Pt

SS,OS( l l )5( ( i , j )@pt( l i
6,7)1pt( l j

6)#/N,
whereN is the number of configurations andl 5e,m.

We have generated the inos single production and thex̃1
0

pair production in separate samples of 5000 events each.
choice of using equal number of events for both reactio
has been made on the basis of the following three somew
qualitative considerations, none of which is compellin
First, the single production reactions occur in company
their charge conjugate partners, which multiplies rates b
factor of 2. Second, the otherñ and l̃ single production re-
actions, which have not been included, would be expecte
add contributions of similar size to the leptonic distribution
Third, assuming for the RPV coupling constant the alter
tive boundlmJJ(100 GeV/ml̃ R

),0.05, there would result a
relative enhancement for single production over pair prod
tion by a factor of 4. The above three points motivate o
3-14
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FIG. 13. Distributions of missing energy, muon transverse momentum, same sign muon pair angle, summed transverse mom
opposite sign ~OS! and same sign~SS! leptons pairs ~electrons and muons! for the single production processesl J

1l J
2

→x̃1
6m7,x̃1

0nm ,x̃1
0n̄m ,x̃2

0nm ,x̃2
0n̄m ~solid line!, and the pair production processl J

1l J
2→x̃1

0x̃1
0 ~dashed line!, at a center of mass energy of 35

GeV. The parameters values areM25250 GeV,m0570 GeV,m5400 GeV,tanb52,l21150.05. Events samples, consisting of 500
events each, are generated for the inos single production and neutralino pair production, respectively.
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rough guess that the number of events chosen for the
single production processes~together with their charge con
jugate partners! should be of comparable size to that of t
x̃1

0 pair production process.
The results are shown in Fig. 13. The single product

reactions present certain clear characteristic features: C
centration of missing energyEm at low energies, pronounce
peaks in the muon transverse momentumPt(m

6) and in the
angular distribution for the same sign muons pairs, an
double peak in the transverse momentum distribution for
opposite sign leptons pairsPt

OS( l l ). The large transverse mo
mentum components present in the single production di
butions inPt

OS( l l ) and in Pt(m
6) are explained by the fac

that one of the two leptons~namely, l m
6) is created at the
05500
ve

n
n-

a
e

i-

production stage. Similarly, the existence of a strong ang
correlation between same sign muons pairs is interpre
naturally by the momentum conservation balance betw
the leptonl m

6 produced in the initial stage and the other le
ton produced at the decay stage. Although there are ce
distinguishing properties between the single and pair prod
tion processes, the discrimination between the two may
pend crucially on the relative sizes of the associated ev
samples. Of course, the best possible situation would be
an energetically forbidden neutralino pair production.

Finally, we comment on the effect of eventually exclu
ing thex̃2

0 single production component. In that case, most
the signals for single production would become less dilu
in comparison with neutralino pair production, the lar
3-15
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missing energy signal would be removed while the large
lepton pairPt

OS( l l ) signal would become amplified.

VI. CONCLUSIONS

We have analyzed the full set of 2→2 single production
processes at leptonic colliders induced by the RPV inte
tions LLEc, within a supergravity model. Although our ap
proximate study has obvious limitations~factorization and
narrow resonance approximation, neglect of the spin co
lations and omission of acceptance cuts!, it uncovers the gen-
eral trends of all the five single production reactions. O
the whole parameter space, for an RPV coupling cons
lmJJ of order 0.05, the integrated rates are of compara
order of magnitudes althoughx̃1

6 and ñ are typically larger

by factors of 2 compared tol̃ production and by factors of 5
compared tox̃1

0 production. The detectability for each sing
production separately is modest at LEPII but comfortable
NLC, corresponding to a few events and a few thousand
events per year, respectively. A wide region of the param
space can be probed atlmJJ.0.05. In spite of the rich vari-
ety of final states, the dominant signals arise from the sin
or double RPC induced cascade decays to the LSP, which
also favored by phase space arguments. For the minima
pergravity model, assuming electroweak symmetry break
large mass differences occur between the scalar super
ners and thex̃1

0 LSP, leading to dominant cascade deca
modes with weak competitivity from the RPV direct decay
The signals 4l 1E” ,6l ,6l 1E” arising from cascade decays a
05500
S

c-

e-

r
nt
le

t
of
er

le
re
u-

g,
rt-

s
.

free from standard model background which make th
quite interesting signatures for the discovery of supersym
try and R parity violation. Even the 4l signal arising from
direct RPV decays could be observable due to a charact
tic nondiagonal flavor configuration. For center of mass
ergies well above all the thresholds, the 4l 1E” signal re-
ceives contributions from all five single production proces
and hence should be strongly amplified. We have prese
some dynamical distributions for the final states which co
characterize the single production reactions.
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APPENDIX A: FORMULAS FOR AMPLITUDES
AND SPIN SUMMED SQUARED AMPLITUDES

We discuss the five 2→2 body single production pro
cesses given by Eq.~1!. The formulas for the probability
amplitudes are
M ~ x̃a
21 l m

1!5
glmJJVa1

!

s2mñmL

2 v̄~k8!PLu~k!ūc~p!PLv~p8!2
glmJJVa1

!

t2mñJL

2 ūc~p!PLu~k!v̄~k8!PLv~p8!,

M ~ x̃a
01 n̄m!51

&glmJJ

s2mñmL

2

1

2
~Na2* 2tguWNa1* !ū~p!PLv~p8!v̄~k8!PLu~k!1

&glmJJ

t2m
l̃ JL

2

1

2
~Na2*

1tguWNa1* !ū~p!PLu~k!v̄~k8!PLv~p8!1
&glmJJ

u2m
l̃ JR

2 ~ tguWNa2
! !v̄c~p8!PLu~k!v̄~k8!PLv~p!,

M @ l̃ mL
2 ~p!1W1~p8!#5

glmJJ*

&~s2mñmL

2 !
2p•e~p8!v̄~k8!PRu~k!1

glmJJ
!

&t
v̄~k8!g•e~p8!~p”2k” !PRu~k!,

M @ ñmL~p!1Z~p8!#5
glmJJ*

2 cosuW
F v̄~k8!g•e~p8!~k”2p” !aL~e!PRu~k!

t2ml J
2 1

v̄~k8!aR~e!PR~k”2p” 8!g•e~p8!u~k!

u2ml J
2

1
v̄~k8!aL~ ñ !PRu~k!2p•e~p8!

s2mñmL

2 G ,

M @ ñmL~p!1g~p8!#52elmJJ* F v̄~k8!g•e~p8!~k”2p” !PRu~k!

t2ml J
2 1

v̄~k8!~k”2p” 8!g•e~p8!PRu~k!

u2ml J
2 G . ~A1!
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In deriving the results for the inos production amplitudes, we have systematically neglected their Higgsino compone
parameters in theZ0f f̄ and Z0 f̃ f! vertices denoted asaH( f )5a( f H) and aH( f̃ )5a( f̃ H), are defined bya( f H)5a( f̃ H)
52T3

H( f )22QxW , with H5@L,R# and xW5sin2 uW. Throughout this work, our notations follow closely the Haber-Ka
conventions@48#.

The unpolarized cross sections in the center of mass frame are given by the familiar formulads/d cosu
5p/(128pks)(poluM u2, where the sums over polarizations for the probability amplitudes squared are given by

(
pol

uM ~ x̃a
21 l m

1!u25ulmJJgVa1
! u2F s~s2mx̃

a
2

2
2ml m

2 !

uRs~ ñmL!u2 1

~mx̃
a
2

2
2t !~ml m

2 2t !

uRt~ ñJL!u2

2ReS @s~s2mx̃
a
2

2
2ml m

2 !1~mx̃
a
2

2
2t !~ml m

2 2t !2~mx̃
a
2

2
2u!~ml m

2 2u!#

Rs~ ñmL!Rt
!~ ñJL!

D G , ~A2!

(
pol

uM ~ x̃a
01 n̄m!u25

g2

2
ulmJJu2F uNa21tguWNa1u2

t~ t2mx̃
a
0

2
!

uRt~ l̃ JL!u2
14utguWNa2u2

u~u2mx̃
a
0

2
!

uRu~ l̃ JR!u2
1uNa22tguWNa1u2

s~s2mx̃
a
0

2
!

uRs~ ñmL!u2

2ReS ~Na2* 2tguWNa1* !~2Na22tguWNa1!

@s~s2mx̃
a
0

2
!2t~mx̃

a
0

2
2t !1u~mx̃

a
0

2
2u!#

Rs~ ñmL!Rt* ~ l̃ JL!

12~Na2* 2tguWNa1* !~2tguWNa2!
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a
0

2
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0
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2

2
2mW

2 !2
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2 24m
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2

2 D 2
g2ulmJJu2
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3F ~m
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2

2
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2 2t !1st1
mW

2 2t

mW
2 @~m
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2

2
2t !~mW

2 1t !1t~mW
2 2u!#G

2g2 Re
lmJJlmJJ

!
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2

2
2t !~m
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2

2
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mL
2
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2

2
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2 2t !

2
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2 2m
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2

2
!~mW

2 2t !

mW
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(
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uM ~ ñmL1Z!u25
g2ulmJJu2
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ReH s

uRs~ ñmL!u2 S ~s2mñmL

2 2mZ
2!2

4mZ
2 2mñmL

2 D
2

~sin2 uW!2
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22u!1su1
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22u
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2 @~mñmL
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21t !1u~mZ

22t !#G
2

~2 sin2 uW21!2
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055003-17



M. CHEMTOB AND G. MOREAU PHYSICAL REVIEW D59 055003
2
s

mZ
2 ~s2mñmL

2 2mZ
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~2 sin2 uW21!
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2 2mZ
2!G1

~2 sin2 uW21!~sin2 uW!
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2
@~mñmL
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22u!~mZ
22t !mñmL
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(
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uM ~ ñmL1g!u252e2ulmJJu2@~mñmL

2
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2 2u!2smnm

2 #F 1

uRt~ l J!u2 1
1

uRu~ l J!u2G14e2ulmJJu2 Re
~mñmL

2 2t !~mñmL

2 2u!

Rt~ l J!Ru* ~ l J!
,
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where Re stands for the real part,Rs( ñ i)5s2mñ i

2 1 imñGñ , Rt( ñ i)5t2mñ i

2 andRu( ñ i)5u2mñ i

2 , @s5(k1k8)2,t5(k2p)2,

u5(k2p8)2#, with similar definitions applying for the propagator factorsRs,t,u( l i , l̃ i).

APPENDIX B: FORMULAS FOR PARTIAL DECAY WIDTHS

The formulas for the various two-body decay widths are quoted below.

G~ñ→x̃a
11 l 2!5

g2

16p
uVa1u2mñS 12

mx̃a

2

mñ
2 D 2

, ~B1!

G~ ñ→x̃a
01n!5

g2

32p
uNa22Na1 tanuWu2mñS 12

mx̃a

2

mñ
2 D 2

, ~B2!

G~ l̃ L
1→x̃a

1n̄ !5
g2

16p
uUa1u2ml̃ LS 12

mx̃a

2

m
l̃ L

2 D 2

, ~B3!

G~ l̃ @L,R#
2 →x̃a

01 l 2!5
g2

32p
@ uNa21Na1 tanuWu2,uNa2 tanuWu2#ml̃ HS 12

mx̃a

2

m
l̃ H

2 D 2

, ~B4!

G@ñ i~M !→ l k
2~m1!1 l j

1~m2!#5G@ l̃ jL
2 ~M !→ n̄ i~m1!1 l k

2~m2!#

5G@ l̃ kR
2 ~M !→n i~m1!1 l j

2~m2!#

5
ul i jk u2

8p
kS 12

m1
21m2

2

M2 D , ~B5!

G@x̃m
6~M 6!→x̃ l

0~M0!1W6~mW!#5
g2uku

16pM 6
2 F ~ uOLu21uORu2!S ~M 1

2 1M0
22mW

2 !

1
1

mW
2 ~M 6

2 2M0
22mW

2 !(M 6
2 2M0

21mW
2 ) D 212M0M 6 Re~OLOR

! !G ,
~B6!

G~x̃a
0→ f̃ @L,R# f̄ 8!5

g2M0

16p
S 12

m
f̃

2

M0
2D 2

@ uT3
f Na22tanuW~T3

f 2Qf !Na1u2,utanuWNa2u2#, ~B7!
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G~x̃a
6→ f̃ @T

3
f 521/2,1/2# f̄ 8!5

g2M 6

32p
S 12

m
f̃

2

M 6
2 D 2

@ uUa1u2,uVa1u2#. ~B8!

We use the notationsOL5Olm
L 5Nl2Vm1

! 2(1/&)Nl4Vm2
! , OR5Olm

R 5Nl2Um11(1/&)Nl3
! Um2 , M 65mx̃

a
6, M05mx̃

a
0,

and k5l1/2(M2,m1
2 ,m2

2)/2M with l(a,b,c)5a21b21c222ab22bc22ac. The notationsT3
f , Qf , stand for the third

component of the SU(2)L group and the electric charge of the fermionf . We have omitted the Higgsino components of t
inos. We shall use the simplified formulas for the RPC three-body decaysx̃m

2→x l
01 l n̄,qq̄, obtained by neglecting the

three-momenta in the W andl̃ propagators, as quoted in Ref.@54#. We have set the flavor and color parameters in th
formulas toNf52,Nc53 for quarks andNf53,Nc51 for leptons. The formulas for the spin summed amplitudes of the R
decaysx̃a

2→ n̄ i n̄ j l k
2 , x̃a

2→ l k
1l j

2l i
2 , associated to the coupling constantsl i jk , were first derived in Ref.@15# ~see the Appen-

dix!. The integrated decay rates are given by familiar formulas@47# involving twofold integrals over the final state three-bo
phase space. If we neglect the final particles masses, an analytic formula can be derived for the integral giving the
tions to the charginos partial rates associated with the gauginos components only~neglecting the Higgsino componen
contribution!. For completeness, we display the final results:

G~x̃a
2!5M x̃

a
2

g2Xa1
2 ul i jk u2

128p3 X1
8 F2516m i1~228m i16m i

2!logS 12
1

m i
D2516m j1~228m j16m j

2!logS 12
1

m j
D G

1
1

2 H m i1m j2
1

2
1~m i

22m i !logS 12
1

m i
D1~m j

22m j !logS 12
1

m j
D

2m im j logS 12
1

m i
D logS m i1m j21

m j
D2m im j logS 12

1

m j
D logS m i1m j21

m i
D

1m im jFSpS m i

m j
D1SpS m j

m i
D2SpS 12m i

m j
D2SpS 12m j

m i
D G J C, ~B9!

where Sp(x)5Polylog(x)5Li 2(x) is the Spence or Polylog function. We use the notationsma5mña

2 /M x̃
a
2

2
, @a5 i , j #, Xa1

5Ua1 for the decayx̃a
2→ l k

1l j
2l i

2 , andma5m
l̃ a

2
/M x̃

a
2

2
, @a5 i , j #, Xa15Va1 for the decayx̃a

2→ n̄ i n̄ j l k
2 .
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