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Abstract 

We illustrate the sensitivities of LEP experiments to leptonic signals associated to models where 
supersymmetry (SUSY) is realized with spontaneous breaking of R-parity. We focus on missing 
transverse momentum plus acoplanar muon events (~r +/z+/z-) arising from lightest neutralino 
single production Xv as well as pair production XX, followed by X decays, where X denotes the 
lightest neutralino. We show that the integrated luminosity achieved at LEP already starts probing 
the basic parameters of the theory. We discuss the significance of these constraints for the simplest 
spontaneous R-parity breaking models and their relevance for future searches of SUSY particles. 

PACS: l l.30.Pb; 12.60.-i; 12.60.Jv; 13.38.Dg; 14.80.Ly 

1. Introduction 

So far most searches for supersymmetric particles have been made in the framework of 
the Minimal Supersymmetric Standard Model (MSSM) which assumes the conservation 
of a discrete symmetry called R-parity [ 1]. Under this symmetry all the standard 
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model particles are R-even while their superpartners are R-odd. R-parity is related to 

the spin (S),  total lepton number (L),  and baryon number (B) according to Rp = 

( - 1 )  (3~+L+2s). In the limit of exact R-parity the supersymmetric (SUSY) particles 
must be produced only in pairs, the lightest of them being stable. 

Unfortunately there is no clear dynamical clue as to how supersymmetry is realized. 

In fact, neither gauge invariance nor supersymmetry require the conservation of R-parity. 

The violation of R-parity could emerge as the residual effect of a more fundamental 

unified theory [2]. While R-parity violation may be explicit [3], we find it rather 

attractive to consider the possibility that it arise in a spontaneous way, like the breaking 
of the electroweak symmetry [4]. At the present state-of-the-art theory can not decide. It 

is therefore of great interest to pursue the phenomenological implications of alternative 

scenarios. This is especially so in view of the fact that the associated phenomena can 

be accessible to experimental verification. 

Recently there was a lot of attention devoted to the possibility that R-parity can be 

an exact symmetry of the Lagrangian, broken spontaneously through non-zero vacuum 

expectation values (VEVs) for scalar neutrinos [5-12].  There are two main types of 
scenario [ 13]. I f  lepton number is part of the gauge symmetry there is an additional 

gauge boson which acquires mass via the Higgs mechanism. In this case there is no 
physical Goldstone boson and the scale of R-parity violation also characterizes the new 

gauge interaction, around the TeV scale [8]. Consequently, its effects can be large [9]. 

In this model typically the lightest SUSY particle (LSP) is a neutralino which decays 
mostly to visible states, breaking R-parity. The main decay modes are three-body, 

X ---' f f * ' ,  (1) 

where f denotes a charged fermion. Its invisible decay modes are in the channel 

X ~ 3~'. (2) 

Alternatively, if spontaneous R-parity violation occurs in the absence of any additional 

gauge symmetry, it leads to the existence of a physical massless Nambu-Goldstone 
boson, called Majoron ( J )  [ 14]. Thus in this case the lightest SUSYpart ic le  is the Ma- 

joron which is massless and therefore stable. 7 As a result, often the lightest neutralino 

X may decay invisibly, conserving R-parity, as 

X---~ z, + J .  (3) 

With the minimal particle content of the MSSM, including only the usual isodoublet 
sneutrinos, these models lead to a new decay mode for the Z boson, Z --~ p + J, where 
p is a light scalar with mass << Mw. This decay increases the invisible width of the Z 
by the equivalent of one half extra neutrino species, and is therefore ruled out by the 
LEP measurements. This difficulty, as well as the fine-tuning problem characteristic of 

7 The majoron may have a small mass due to explicit breaking effects at the Planck scale. In this case it 
may decay to neutrinos and photons. However, the time scales are only of cosmological interest and do not 
change the signal expected at the laboratory [ 15]. 
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this simplest scenario, is naturally avoided by adding SU(2) ® U(1) singlet neutrinos, 
in such a way so that the R-parity breaking is driven by the corresponding sneutrino 
VEVs. In this case the Majoron is mainly singlet [5,6]. 

In this paper we analyse some aspects of the phenomenology of spontaneously broken 
R-parity models at the Z peak. We consider the production of the lightest supersymmetric 
fermion, including both single as well as pair production mechanisms. In order to identify 
the corresponding signals we take into account all possible neutralino decay channels, 
thus extending previous discussions. We focus on the study of events with missing 
transverse momentum plus acoplanar muons (/Or +/-t+/x- ), arising both from neutralino 
single production at the Z peak 

Z --* X V ,  (4) 

as well as pair production mechanisms 

Z --, X X ,  (5) 

followed by the R-parity violating ,t" decays in Eq. (1) or Eq. (2) and Eq. (3). 
Using the integrated luminosities attained by the four LEP experiments we conclude 
that the basic parameters of the model are starting to be probed in a meaningful way. 
We discuss the theoretical significance of these constraints from the point of view of 
other R-parity-violating processes as well as their possible implications for future SUSY 
particle searches. 

2. Basic structure 

Most of our subsequent analysis will be very general and applies to a wide class of 
SU(2) ® U( 1 ) models with spontaneously broken R-parity, such as those of Refs. [5,6], 
as well as models where the majoron is absent due to an enlarged gauge structure [ 8,9]. 
Many of the phenomenological features relevant for the LEP studies discussed here 
already emerge in an effective model where the violation of R-parity is introduced 
explicitly through a bilinear superpotential term of the type gHu [ 16]. 

For concreteness, we start by adopting the conceptually simplest model for the spon- 
taneous violation of R-parity proposed in Ref. [5] and by recalling its basic ingredients. 
This will serve to set up our notation in what follows. We consider this model as the 
most useful way to parametrize the resulting physics, due to the strict correlation ex- 
hibited in this model between the magnitude of R-parity violating phenomena and the 
vr mass. For example, all single SUSY particle production rates as well as the lightest 
neutralino decay rate F x are directly correlated to the mass of the tau neutrino. The 
superpotential is given by 

h u Q H u u  c + h d H d Q d  c + hegHde  c + ( hoHuHd - e 2 ) ~  + hvgHu vc + h ~ S v  c + h.c. 

(6) 
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This superpotential conserves to tal  lepton number and R-parity. The superfields (q~, vci, 

Si) are singlets under SU(2) ® U(1) and carry a conserved lepton number assigned as 

( 0 , - 1 ,  1) respectively. The couplings ha, hd, he, hv, h are arbitrary matrices in genera- 
tion space. The additional singlets v c, S [17] and q0 [18] may drive the spontaneous 
violation of R-parity. This leads to the existence of a Majoron given by the imaginary 
part of [5] 

OR~ 
V]+ (uuH. Vdlld) + Pr V vc* V 

_ _ _ _ _  + v s _ , £  
Vv 2 

(7) 

where the isosinglet VEVs 

VR = (VRr} , V$ = ( S t )  (8) 

.i-u-- 
with V = x / V ~ +  v 2 characterize R-parity or lepton number breaking and the isodoublet 

I t  

VEVs 

Vu = (Hu) , Vd = ( H d )  (9) 

are responsible for the breaking of the electroweak symmetry and the generation of 
fermion masses. The combination v 2 2 = v u + v~ is fixed by the W, Z masses. Finally, 
there is a small seed of R-parity breaking in the doublet sector, i.e. 

v~ = (~Lr ) ,  ( 1 0 )  

whose magnitude is now related to the Yukawa coupling hr. Since this vanishes as 
h~ --~ 0, we can naturally obey the limits from stellar energy loss [ 19]. 

For our subsequent discussion we need the chargino and neutralino mass matrices. 

The form of the chargino mass matrix is common to a wide class of SU(2) ® U(1) 
SUSY models with spontaneously broken R-parity and is given by 

e~f I -~  - i l V +  

heqOd --hvovRj v/2g2VLi 
--heijVLi ti. V~g2t)d 

0 v~g2vu M2 

ei 

& 
- M -  

(11) 

Two matrices U and V are needed to diagonalize the 5 x 5 (non-symmetric) chargino 
mass matrix 

X~- = V/jOf, (12) 

X~- = UijCt 7 , (13) 

( e I , e2 , e3 , Hu , -i147+) and where the indices i and j run from 1 to 5 and ¢)- = + + + ~+ 

¢7  = (e~ ,e  2 ,e 3 ,/-]d, --i lff-) .  
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Under reasonable approximations, we can truncate the neutralino mass matrix so as 
to obtain an effective 7 x 7 matrix of the following form [5]: 

Is/ /~u /~d --iI7~3 --i/~ 

b, i 

-iff '3 

- i B  

0 h~ijvRj 0 g2VLi --gl VLi 

h~ovRj 0 --I.* --g2Vu gl Vu 

0 --l~ 0 g2 Vd --gl va 

g2VLi --g2Vu g2Vd M2 0 

--gl VLi gl vu --gl Vd 0 M1 

(14) 

This matrix is diagonalized by a 7 x 7 unitary matrix N, 

X ° = NO~ ° , (15) 

where ¢o = (vi, Hu, l i d , - i ~ V 3 , - i B ) ,  with vi denoting the three weak-eigenstate neutri- 
nos. 

In the above two equations MI,2 denote the supersymmetry breaking gaugino mass 
parameters and gl,2 are the SU(2) ® U(1) gauge couplings divided by v~.  We assume 
the canonical relation MI/M2 = ~ tan 2 Ow. Note that the effective Higgsino mixing 
parameter/~ may be given in some models as/~ = h0 (~), where (¢~) is the VEV of an 
appropriate singlet scalar. 

Typical values for the SUSY parameters /z, M2, and the parameters hvi,3 lie in the 
range given by 

/z M2 
- 2 5 0  ~< ~ ~< 250, 30 ~< ~ ~< 1000, 

10 -10 ~ hvl3, hv23 ~ 10 -1 , 10 -5  ~ hv33 ~ 10 -1 , (16) 

while the expectation values lie in the range 

VL = VL3 = 100 MeV, VLl = VL2 = O, 

50 GeV ~< VR = VR3 ~< 1000 GeV, VR1 = VR2 = 0,  

50GeV<<.vs=vs3=vR<~ 1000 GeV, 1 -..< tanf l=  vu ~<30. (17) 
va 

The diagonalization of Eq. (14) gives rise to the mixing of the neutralinos with the 
neutrinos, leading to R-parity violating gauge couplings. In what follows we will give 
explicit expressions for the couplings of the SUSY fermions in terms of these diagonal- 
izing matrices. 

3. Charged and neutral current couplings 

Using the above diagonalizing matrices U, V and N one can write the electroweak 
currents of the mass-eigenstate fermions. For example, the charged current Lagrangian 
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describing the weak interaction between charged lepton/chargino and neutrino/neutra- 
linos may be written as 

2Wl~f(?~lz(  gLikeL "~ KRikPR) X 0 "~ H.C., (18) 

where PL,R are the two chiral projectors and the 5 × 7 coupling matrices KL,R may be 

written as 

KLik = rh -v/2UisNk6 - Ui4Nk5 -- ~ UimNkm , (19) 

Kleik = e k ( -- V/'2 Vi5 Nk6 + V/4Nk4) • (20) 

The matrix Kuk is the analogue of the matrix K introduced in Ref. [20] and there is 
a corresponding matrix characterizing right-handed charged currents KRik. These "off- 

diagonal" blocks corresponding to i = 1 . . . . .  3 and k = 4 . . . . .  7 as well as i = 4, 5 and 
k = 1 . . . . .  3 are R-parity-breaking couplings. 

The corresponding neutral current Lagrangian may be written as 

{ l r ' ° ~ ' r ~ "  P" " P ° }  g - - Z  f(£Tlz(OtLikPL -at- OtRikPR)Xk "q- ~,4iT ~,VLik t, "J- ORik R)Xk  , (21) 
cos 0w ~z 

where the 7 x 7 coupling matrices O ~ and O" L,R L,R are given by 

( 1 1 3 sin 2 ) 
UimUkm - ~ik OW , (22) O~ik = rlirlk ~ Ui4Uk4 + UgsU,5 + ~ m=l 

OtRik = 1Vi4 Vk4 q- Vi5 Vk5 -- ~ik sin 2 Ow , (23) 

O~i k = Ni4Nk4 - Ni5Nk5 - ~ NimNkm = --EiekOt~ik . ( 2 4 )  

m= 1 

The off-diagonal part of these coupling matrices break R-parity, i.e. when i = 4 . . . . .  7 
and k = 1 . . . . .  3 or vice versa. 

I n  writing these couplings we have assumed CP conservation. Under this assumption 
the diagonalizing matrices can be chosen to be real. The r/i and ek factors are sign 
factors, related with the relative CP parities of these fermions, that follow from the 
diagonalization of their mass matrices. 

Like all supersymmetric extensions of the standard model, the spontaneously broken 
R-parity models are constrained by data that follow from the negative searches for 
supersymmetric particles at LEP, in particular the most recent limits on chargino masses 
from the recent run at 130 GeV mass region [21] as well as pp collider data gluino 
production [22]. 

There are additional restrictions, which are more characteristic of broken R-parity 
models. They follow from laboratory experiments related to neutrino physics and weak 
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interactions, cosmology and astrophysics [14,13]. These restrictions play a very impor- 

tant role, as they exclude many parameter choices that are otherwise allowed by the 
collider constraints, while the converse is not true. The most relevant constraints come 
from neutrinoless double beta decay and neutrino oscillation searches, direct searches 
for anomalous peaks at ~- and K meson decays, the limit on the tau neutrino mass [ 23 ], 
cosmological limits on the v~ lifetime and mass, as well as limits on muon and tau 
lifetimes, on lepton flavour violating decays and universality violation. 

One can perform a sampling of the points in our model which are allowed by all 
of the above constraints in order to evaluate systematically the attainable value of the 
couplings [24]. The allowed values for the diagonal (R-parity conserving) couplings 

for the lightest neutralino X and the lightest chargino X + are of the same order as those 
in the MSSM. 

For the neutral current couplings of the lightest neutralino X we can only get an upper 
limit After imposing the experimental constraints explained before, we get 

IOZ441 < 0.1. (25) 

In what concerns the R-parity breaking couplings, the biggest ones correspond to the 
I!  standard lepton belonging to the third family, i.e. O~3, and this will be responsible 

for the Z --+ XV~ decay. This coupling amplitude can reach a few per cent or so for 
neutralino mass values accessible at LEP [ 13] and, as we will show, may lead decay 
rates observable at LEE 

In what follows we will focus on some of the zen-event signals that could be associated 
to neutralino single as well as pair production and subsequent decays at LEP. 

4. Neutralino production at the Z peak 

At the LEP I collider the neutralinos may be produced as 

e+ e -  --+ XiXj .  (26) 

The differential cross section for these processes including only the Z exchange at 
= Mz  is given by 

d o - + _  0 ~ 2 1  1 2 j . 1 / 2 ( m 2 m s 2 ) (  1 )4 
-d--~(e e - -+X,Xj )=- -47s~(2-6q) lQ(s )  1, s ' sin0w~OS0w 

x [Glij(s) 4- G2(i(s) cos0 4- G3ij(s) cos 2 O] , (27) 

where A is the usual K~illen function and 

[2 Ei Ej / "2 ,,2 \ _mimj . . . . . .  ] 
s o, .o . , , j .  (28) 

/ "2 "2\A1/2 ( m2 m2~ 
G20(s) =2gvga ~Ot.ij - O R O )  1, s ' s ) ' (29) 
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c3i j (s )  + Lij Rij 1, s) ] $ 

s 
(30) 

s +m/2 - m~ s + m~ - m/2 
El= 2v/~ , Ej = 2 v"~ ' (31) 

s 

Q ( s )  = s - MZz + i M z r z  " (32) 

Here gv and gA are the usual vector and axial couplings for the Standard Model Ze+e - 

vertex 

1 1 
gv = - ~  + sin 2 Ow, g)t = - ~  (33) 

and the relevant Xi g j  coupling amplitudes are determined from Eq. (24). Notice that, 
due to the Majorana nature of the neutralinos, their neutral current couplings obey the 

t t  t t  

relation OR/j = --eiejOLi j and therefore the functions G2/j(s) vanish identically. In the 
above equations the indices i and j run from 1 to 7. At V/~ = M z  they will be restricted 
only to those corresponding to neutralinos lighter than the Z boson. 

As seen above, in models with spontaneously broken R-parity, the mixing of the 
standard leptons with the supersymmetric charginos and neutralinos leads to the existence 
of R-violating couplings in the Lagrangian when written in terms of the mass eigenstates. 
As a result, SUSY particles can be singly produced. This means that Xi and Xj  in 
Eq. (26) can be both supersymmetric particles (standard SUSY pair production) as 
well as one standard and one supersymmetric (R-parity breaking single production). 
This is in sharp contrast with explicitly broken R-parity models such as considered in 
Ref. [25], where only the pair production of the lightest neutralino X can take place at 
the Z peak. 

In this paper we are therefore concerned with the signals arising from Z ~ Xu decays 
(corresponding to i = j -- 4) and Z ~ X X  decays (corresponding to i = 4 , j  = 3 or vice 
versa), where X denotes the lightest neutralino. The heavier ones will be assumed to be 
too heavy to be produced at the Z peak. 

5. Neutralino decays 

Once produced in e+e - collisions, the neutralino subsequently decays, typically inside 
the detector. In order to identify the expected signatures at LEP it is necessary to specify 
its possible decay modes. In the MSSM all supersymmetric particles have cascade decays 
finishing in the LSP which is normally a neutralino. However, if R-parity is broken 
there are new decay channels and the supersymmetric particles can decay directly to 
the standard states breaking R-parity. Also the lightest SUSY particle may not be a 
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neutralino, in fact this is the case in spontaneously broken models [5,6]. s Alternatively, 

SUSY particles may decay through R-parity conserving cascade decays that will produce 
the lightest neutralino X. This may decay invisibly conserving R-parity as in Eq. (3),  or 
via the R-parity breaking three fermion modes in Eq. ( 1 ). To the extent that the invisible 
dominates, as could happen, one recovers the lightest neutralino missing momentum 
signal expected in the MSSM. 

For simplicity we are going to study the decays of the lightest neutralino, which one 
expects would be the earliest produced supersymmetric particle. Heavier states would 
have cascade decays that we are not going to consider here. 

The lightest neutralino X has to decay always to standard states breaking R-parity. If 
its mass is lower than the mass of the gauge bosons it decays to the three-body final 
states. We will distinguish three cases. First all the particles in the final state are neutral. 
Then 

)(0 /)j Pk ~',, with width /~l r 3 b  . . . .  t! t! --~ = ~ tJnX0,~L,O R) . (34) 

In the second case we consider charged leptons in the final state, that is 

X ° ~ ~,j l k l + with width /~2 ,-,3b', , ,  "~" ~ "  "~' "~ KL, KR) (35) ~- I [IVIxO~ tJL' VR'  VL' 'JR' 

In both these processes there is interference among the various diagrams contributing. 
This is clear for the process in Eq. (35) where there is interference between the neutral 
and charged current diagrams, but it also true for the process in Eq. (34) due to the 
Majorana nature of the neutrinos. The explicit expressions for the widths/.35 and F 3b' 

are given in Appendix A. Finally there is a third case when the final state contains 
quarks, i.e. 

X 0 1.'jq-q with width /~3 r .3b'e,A, ,.~tt ,-v, ,-~, O~,0,0) (36) _-- . k lvL X0, t /L  , t /R ,  t /L ,  

that proceeds only via neutral current. In Appendix A it is explained how this width can 
be obtained as a particular case of F 3b~. 

As mentioned in the introduction, the existence of the Majoron implies that in SU(2) ® 
U( 1 ) spontaneously broken R-parity, the neutralino can always decay invisibly, Eq. (3),  
with a decay width 

/_~jj__ 1 2 Mx° ( CL4j + C24j ) ,  

3 
UR 

CLij ~- --•i•jCRij = ~f '~ej (  NikNj4 -1- NjkNi4)  h~k3 v ~ V  " ( 3 7 )  
k=l 

Although our discussion will be more general, we neglect, for definiteness, supersym- 
metric fermion decays mediated by slepton exchange. In this approximation, neutralinos 
of mass accessible at LEP have only three-body decay modes mediated by charged 

8 In this case the LSP may be produced in R-parity-violating decays of normal particles like the muon, the 
tau lepton [11] or the  Z boson [10]. 



12 J.C. RomEo et al. /Nuclear Physics B 482 (1996) 3-23 

~0.4 f 
m 0.3 

0.2 

0.1 

• XX 

° u N  o 

oeo • 
°6 • 

'~a,A 

IA 

AAA~AA~A~I • 

0 20 40 60 80 

mxo (GeV) 

Fig. 1. Detection efficiencies for the ~r +/z+/z-sig hal associated to Xp and XX production channels. 

and neutral currents, except for the two-body majoron decay (3), characteristic of the 

simplest spontaneous R-parity breaking models. 

6. Signals at LEP 

In order to study the experimental signals associated to the first kinematically ac- 
cessible neutral supersymmetric fermions, we have developed an event generator that 

simulates the processes expected for the LEP collider at v/~ = Mz. It allows us to esti- 
mate the detection efficiencies when suitable selection criteria are imposed in order to 

avoid the expected standard model backgrounds to the processes of interest. We describe 
below the main steps we follow in order to generate neutralino production and decays. 

As far as the production is concerned, our generator simulates the following processes 
at the Z peak: 

(a) e+e - ~ Xv; 

(b) e + e  - --* X X .  

Process (a) clearly violates R-parity, so it is a new mode of neutralino production 
forbidden in the MSSM, as well as in models of explicitly broken R-parity [ 3 ] other 
than those where this violation is due to a bilinear superpotential term ~.Hu [ 16]. On 
the other hand, process (b) is allowed both in the MSSM as well as in models such as 
the one used in Ref. [ 3 ]. 

The second step of the generation is the decay of the lightest neutralino, which is 
the most characteristic feature of the R-parity breaking models. As explained in the 
introduction, if the lightest neutralino X is lighter than the Z boson it will have three- 
body decays via charged or neutral currents, as well as the two-body invisible decay 



J.C. Romdo et al./Nuclear Physics B 482 (1996) 3-23 13 

Table 1 
Final signals arising from neutralino pair production (left column) as well single production (right column). 
The total charge of the particles between parenthesis must be zero 

XX X v 

IJr + 1+17 + Ij + l]-  
l~r + 1+17 + 2jets 
IJT + l+lf + (2jets + "r) 
tJr + l'+,17 + (~'l) 
l~T + l+17 
/~r + 4jets 
/~T + 4jets + I" 
/~r + 2jets + (H) 
~r + 2jets 
4jets + ~'z 
/~r + 2jets + ~" 
/~T + 2jets + ~'(r l) 
/~r(r l ) ( z  l) 

/~r(r l) 

I~T + l+ lZ 

/~r + r + 2jets 
/~r + 2jets 

into neutrino + majoron. These decays produce new supersymmetric signals and the 
generator allows their detailed study. In contrast, the two-body neutralino decay into 
neutrino + majoron has as signal missing transverse momentum, because both final 
particles escape detection and therefore we do not need to generate this process. Thus 
it suffices for us to generate the three-body neutralino decays: 

(i) X ---' v r Z *  ~ v r  l+l  - , VrVV, Vrqi'~a; 

(ii) X --~ r W *  ~ 1"pil i, rqu-07. 

The last step of our simulation is made calling the PYTHIA software [26], using as 
input the neutralino decay products mentioned above. 

The signals associated to the first kinematically accessible neutralino, which arise from 
its single R-parity violating production as well as its R-parity conserving pair production 
are listed in Table 1. This table shows the final signals for the Xu~ and X X  production 
with the subsequent X decay. One of the cleanest and most interesting signals that 
can be studied are the events with missing transverse momentum + acoplanar muons 
(jet + / x + / z - ) .  These can be produced through either process (a) or process (b) as 
shown in Table 1. 

The main source of background for this signal is the Z decay to /z+~ - with the 
radiation of a 9' which may escape detection. This background has to be eliminated 
through suitable cuts. For definiteness we have imposed the cuts used by the OPAL 
experiment for their search for acoplanar dilepton events [27]: 

(i) we select events with two muons with at least for one of the muons obeying 
I cos0[ less than 0.7; 

(ii) the energy of each muon has to be greater than 6% of the beam energy; 
(iii) the missing transverse momentum in the event must exceed 6% of the beam energy, 

~T > 3 GeV; 
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(iv) the acoplanarity angle (the angle between the projected momenta of the two muons 
in the plane orthogonal to the beam direction) must exceed 20 °. 

The OPAL experiment did not find any acoplanar muon pair event passing these cuts 
in the data sample analysed in Ref. [27]. 

Using our Monte Carlo generator we did the calculation of the kinematic distributions 
before and after applying these cuts. This was used to determine the detection efficiencies 
associated to the X v and  X X .  They lie in the range ~ 25-18% for neutralino masses in 
the range m x ~ 25-40 GeV for the case of X X  production. For the single production 
case ( X  v )  we have found efficiencies in the range 11-5% for m x ~ 40-80 GeV. 

7. Analysis and results 

Given a sample of LEP data collected at the Z peak, the study of the signal described 
in the previous section allows us to determine the corresponding experimental limits on 
the values of the relevant R-parity-violating couplings versus neutralino mass. In order to 
illustrate the procedure we will use the last data published by the ALEPH Collaboration, 
corresponding to an integrated luminosity [25] 

~nt = number hadronic events _- 82 pb - l .  
~ (e+e  - ~ hadrons) 

This in turn corresponds to 1.94 x 106 hadronic decays of the Z. Of course this is 

justified only under the assumption that the experimental cuts of the previous section 

are enough to eliminate all relevant background, or that the detection efficiency for our 
signal is not reduced by further cuts that might be needed. Clearly, in order to obtain 
rigorous limits for a given data sample collected in a given experiment, one would 
have to check whether these assumptions are true by means of more detailed simulation 
studies of the corresponding detector features as well as the corresponding background 
for the given luminosity. 

While we await a more complete statistics to be analysed [28] we find it useful to 
illustrate the sensitivity to the basic parameters of our R-parity violating models which 
has already been achieved with the data samples collected. For such illustrative purposes 

we make use only of the cleanest leptonic signal and use the published ALEPH data 
given in Ref. [25]. As usual, in order to obtain a 95% CL limit on some parameter, we 
impose the condition 

3 > Nexpt, (38) 

Nexpt being the number of expected events for our signal, when no events of the desired 
type have been observed. 

For the single production process e+e  - ~ X v with the decay X ~ v,/x+/z- the 
expected number # r  +/z+/x-events is given as 

N e x p t ( X  v )  = o-( e+ e - ---* x v ) B R ( x  ~ V,l~+ br - ) ~ X v L i n t  , (39) 
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Fig. 2. Region of sensitivity obtained at the 95% C.L. for BR(Z ~ xv)BR(x --~/~+/~-v), as a function of 
the lightest neutralino mass mx0. This is derived from searches of/~r +/~+/z- events that would arise from 
single neutralino production at LEE followed by g ~ / z+ /z -v  decays. 

where ex ,  is the detection efficiency, obtained from the R-parity breaking generator 

described before. 
Using the expression for the cross section in Eq. (27) we can write 

2 - "2  a2~r(g2v + ~a)  ,-, _ 3X2z + x 6)  
Nexpt (X/")  = ~ ('-)L43 F 2  (sin Ow cos Ow) 4 tl" 

x B R ( x  --~ VrtZ+tZ -)•xvLint, (40) 

where xz  = mx/mz .  
tt 2 

In addition, the relation between the coupling O~3 and the B R ( Z  ---, X v) is given 

by 

2 " 2  M 3 G F (  3 2  1 6 )  
B R ( Z  ~ XU) = - ~ O t A 3 F ~  1 - -~x z + -~x z . (41) 

From Eqs. (40) ,  (41) and (38) one can obtain a 95% CL limit on the R-parity breaking 

observable B R ( Z  --~ x v ) B R ( x  ~ vT/~+/z - ) as a function of the X mass. This is shown 

in Figs. 2 and 4. 
Here we should stress that this production mode is characteristic of  models with 

spontaneous violation of  R-parity [5,6,9], or models that parametrize it through an 
effective bilinear superpotential term egH [ 16]. It is absent in most models of  explicitly 
broken R-parity, such as the one considered in the analysis presented by the ALEPH 

Collaboration in Ref. [ 25 ]. 
Notice that the R-parity-violating parameter • is directly correlated to the mass of  the 

tau neutrino u~.  As a result, it is correspondingly restricted by cosmological Big Bang 
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Fig. 3. Region of sensitivity obtained at the 95% C.L. for BR(Z ~ X X ) ( X  --* IZ+l z -  v ) B R ( x  ~ invisible) 
as a function of  the lightest neutralino mass. This is derived from searches of /~r  + / z + / x -  events that would 
arise from neutralino pair production at LEP, with one neutralino decaying invisibly and the other decaying 

as X ~ / ~ + / ~ -  ~'. 

> 

1"10 N 

~ 1 o  
1" 

rr  

10 

10 

J o j l  

b 

I \ \ '  
! ,  , I ~ , , I , , ?, I , 

4 0  6 0  8 0  

mxo (GeV) 

Fig. 4. Comparison of the attainable limits on BR( Z --- X~, ) B R ( x  --~ g+ tz -z ,  ) versus the lightest neutralino 
mass, with the maximum theoretical values expected in different R-parity breaking models. The solid line 
(a) is the same as in Fig. 1, while (b) corresponds to the improvement expected from including the e+e -z ,  
channel, as well as the combined statistics of  the four LEP experiments. The dashed line corresponds to the 
model of Ref. [ 16] allowing my, values as large as the present laboratory limit of  Ref. [23], while the dotted 
one is calculated in the spontaneous R-parity-violation model of  Ref. [5]. 
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nucleosynthesis [30]. The corresponding limits are rather stringent [31] and may not 
allow m,, above a few hundred keV. In this case the signal displayed in Fig. 4 would 
never reach 10 -8 . This cosmological bound can be avoided in models which contain 
neutrino decay [32] or annihilation channels [33] beyond those present within the 
standard model. For this reason the spontaneously broken R-parity models are preferred, 
as they allow the maximum m~, values permitted by laboratory experiments [23] due 

to the v, decays and/or annihilations to majorons. However, as seen in Fig. 4, the 
maximum value of our signal is only a bit larger than 10 -7. 

We conclude that in models such as the ones in Refs. [ 16,9] one can probe the 
spontaneous violation of R-parity in the single-production mode for m x ,~ 40 GeV. 
However, as already mentioned, these values of the signal rate are hard to reconcile 
with cosmological v, limits. The corresponding rates for a cosmologically acceptable 
v, mass lie well bellow the dotted curve in Fig. 4, below 10 -8 for all values of the 
neutralino mass, thus too small a rate to be of interest. Including the majoron, whose 
existence is expected in any model where the spontaneous violation of R-parity is 
realized in the minimal SU(2) ® U(1) gauge structure [5,6], changes the situation in 
two ways. First, it improves the allowed signal rates because it allows v, masses as large 
as present laboratory limits. Unfortunately there is a counter-effect that decreases the 

expected signal rates, because the presence of the invisible channel (3) tends to dilute 
the X branching ratio into muons. The net result leads to the dotted curve in Fig. 4. 

The lightest neutralino X may however be light enough to be pair-produced in the 
standard R-parity-conserving process e+e - ~ X X .  Even in this case of standard pro- 
duction, the violation of R-parity can provide visible signals from the subsequent decays 
of the neutralinos. The first possibility to consider here is the case where both neu- 
tralinos decay visibly, e.g., into v~/z+/~ - .  We do not consider this possibility as it is 
similar to the one used recently by ALEPH and the corresponding sensitivities may be 
estimated by re-scaling the results of Ref. [25]. Thus we choose concentrate on the 
novel possibility that one of the neutralinos decays to vH.t+/z - while the other decays 
invisibly, which is more characteristic of models with spontaneous violation of R-parity. 

The number of expected # r  + / z + ~  - events in this case is given by 

Nexpt(XX) = o'( e+ e - ~ X x ) 2 B R ( x  --~ invisible)BR(x ~ b'z[d,+ ~-)~xxLint  

so that from Eq. (27) we obtain 

2 0 ,  2 off ~(g2v+g2 ) , , _ 4 x 2 ) 3 / 2  
Uexpt(XX) = ~ L44~ZZ (si--~wCO--~w)4 i l 

x 2 B R ( x  --. v~/x+/z-)BR(x ~ invisible)exxLint  

and the corresponding expression for the Z ~ X X  branching ratio is 

1 "2 M3zGF t z ) " l - ax2 '3 /2  BR(Z x x )  = 
.~ I z TT ~/ 2, 

(42) 

(43) 

(44) 
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Fig. 5. Comparison of the attainable limits on BR(Z ---* x x ) B R ( x  ~ iz+lz-v) versus the lightest neutralino 
mass, with the maximum theoretical values expected in different R-parity breaking models. The solid line 
(a) is the same as in Fig. 2, while (b) corresponds to the improvement expected from including the e+e-v 
channel, as well as the combined statistics of the four LEP experiments. The dashed line corresponds to 
the model in Ref. [ 16] allowing mp, values as large as the present limit, the dotted one does implement 
the restriction on mvT suggested by nucleosynthesis, and the dash-dotted one is calculated in the model of 
Ref. [5]. 

From these last expressions and Eq. (38)  it is possible to obtain an illustrative 95% 

CL l imit  on B R ( Z  ~ x x ) B R (  X ---* v T / ~ + / z - ) B R ( x  ~ invisible) as a function o f  the 

X mass, as shown in Figs. 3 and 5. 

8. Discussion 

Using the integrated luminosi ty corresponding to the last published ALEPH data, L = 

82 pb - l ,  we have illustrated how the existing data gathered by the LEP Collaborations 

at the Z peak are sufficient to start probing in a theoretically meaningful way the mass 

and couplings o f  the lowest lying neutral supersymmetric fermions in spontaneously 

broken R-parity models.  We have determined the corresponding regions of  sensitivity, 

i l lustrated in Figs. 2 -5 ,  both for the case of  single production as well as for the case 

where the lightest neutralino can be pair produced. The theoretical significance of  these 

decays is i l lustrated in Fig. 6. 

From curve (b)  in Fig. 4 one sees that the expected signal rate for a neutralino of  

40 GeV in the model  of  Ref. [5] could be tested i f  the luminosities of  the four LEP 

experiments are added, even if  only leptonic # r  + / x + / z -  and # r  + e + e -  channels are 

considered. This constraint would be significant from the point  o f  view of  the underlying 

model. Indeed, as can be seen from Fig. 6, this corresponds to values of  the v,  mass 
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Fig. 6. Attainable values for the R-parity breaking strength BR(Z ~ X~') versus the :'-neutrino mass in the 
model of Ref. [ 5 ]. 

close to an MeV, for which other processes such as Z ~ X + + ~-:F [7,12] would be 

expected to be sizeable. Although the presence of the majoron leads to novel decays of 
standard model particles, e.g. /z ~ e + J and r £ +  J decays [11,12] of relevance for 
intense muon source studies at PSI or for a future tau-charm factory [29], as well as 
novel Z decays such as Z ~ 9' + J [ 10], its overall effect insofar as the signal rate for 
/~r +/z+/-t-events arising from A,z, production at the Z peak is concerned is to decrease. 
One advantage is that the rate there is no conflict between the signal rate (dotted curve 
in Fig. 3) and the primordial helium abundance. However, there is clearly a wide range 
of parameters still unconstrained by this single production mechanism. In contrast, if 
kinematically accessible, neutralino pair production can place more severe restrictions, 
especially on models where the spontaneous violation of R-parity where the majoron 
is absent [8] or in an effective model where the violation of R-parity is introduced 
explicitly via the bilinear superpotential term £H, [ 16]. The constraints derived in this 
case should be important in relation to searches at higher energies such as LEP200, the 
NLC or the LHC where one expects mostly SUSY pair production to yield sizeable 
event rates. 

Substantial improvements are expected from the use of e+e - ,  ~-+7"- and di-jet plus 
missing momentum event topologies. The results presented here should encourage one 
to perform more detailed and complete background studies and simulations covering 
other R-parity violating signals and improved integrated luminosities already attained at 
LEP [28]. From our point of view it would be desirable to have additional runs at the 
Z peak, considering the fact that large areas of parameter space still remain open, where 
the neutralinos are light enough to be produced in Z decays. 
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Appendix A. Three-body neutralino decays 

In models with spontaneous R-parity violation, the neutral fermions eigenstates are 
mixed. We denote them collectively by X/° with (i = 1 . . . . .  7). The neutrinos correspond 
in this notation to i = 1,2, 3 and the usual neutralinos to i = 4 . . . . .  7, In the charged 
fermion sector, the leptons are mixed with the charginos of the MSSM. We denote them 
by Xi- with (i = 1 . . . . .  5). Again, the indices (i = 1,2,3) correspond, respectively, 
to e - ,  /z-  and r - ,  while the indices i = 4, 5 denote the usual charginos. The quarks 
do not mix with the other fermions. We will consider separately the cases where all 

the particles in the final state have the same charge and the case where they can have 
different charges. 

A.1. Same-charge f inal  states 

Here the decay we consider is into neutral final states 

o + xo + x o, (A.1) X ° --~ X j  

and proceeds via the neutral current. Due to the Majorana nature of the neutral fermions, 

there are three distinct diagrams giving rise to some interference terms. The final result 
for the decay, within the approximation that we neglect all masses of the final fermions, 

is given by 

2 5 
F,3bfAff girt t,-f/.~ _ Gygi 
- -  ' ' i '  " ' L '  VR-I -- ~ [ (Cl  -{- C2 "1- C3) f ( X z )  

1 
+2 (cl2 + cl3 + c23) g ( x z , x z ) ]  ~ F '  (A.2) 

where 

"2 "2 \ / "2 "2 \ 
C 1 = ~OLj  ' q- ORfi ) ~OLkm "~- ORkra ) , 

f "2 "2  \ / "2 "2  \ 
C2--" ~OLk i "~- ORki)  ~OLj  m "~ ORjm)  , 

"~ "2 "2  \ / "2 "2 \ C 3 = ~OLk j Jr" -~- ORk j )  ~OLim ORim) , 

I I  I I  I I  I I  I I  I I  I I  I I  
C12 ----" OLkmOLjiOLkiOLjm "~- ORkrnORjiORkiORjm , 

f l  I !  I f  II  II  II  I!  I!  
C13 = - -  (OLkmORjiOLkjOLim -~ ORkmOLjiORkjORim) , 

,, ,, . ,, f~ .  fv~ f~ .  f~,, 
C23 = OLkiOLkjORjmORi m ~- V RkiV RkjV LjmV Li m • (A.3) 
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SF is the symmetry factor for identical particles in the final state, xz  = M i / M z ,  and 

the functions f ( x )  and g ( x , y )  are given in the appendix of Ref. [24]. The coupling 
matrices are given in Section 3. 

A.2. Different-charge final states 

In this case we consider three-body final states where two are oppositely charged, i.e. 

0 + 
X°i --* Xj  + X ;  + Xm. (A.4) 

This decay can proceed via both charged and neutral current. Also in the charged 
current case, the Majorana nature of the neutralino implies the existence of two distinct 
diagrams. The final result for the decay, within the approximation that we neglect all 
masses of the final fermions, is given by 

/-3b' 

where xw 

ci are now given by 

/ " 2  " 2 " ( ' 2  ' 2 )  
C 1 = ~OLj  i -'[- ORj i )  OLkm Jr- ORk m , 

C2 = (y2ki "~- r2ki) (X2jm -Jr- X2 jm)  , 

c , =  (Y2kj "~ y2Rkj) (X2im q- g2im) , 

01 n n  E X i Ii C12 = LkmWLji Lki Ljm Jr- ORkmORjigRkiXRjm , 
I It 

c,3 = - (O~kmO~jirLkjXLim + ORkmOi4irRkjXRi,,) , 

C23 = YLkiYLkjXRjmSRim -q.- YRkiYRkjXLjmXLim 

with 

1 
YLq = - -~  KLij, 

1 
x u j  = ~ KLji, 

V z  

IA. f)l! [-itt n !  t 1,1, "L ,  "-'R, "L ,  OR, KL, KR) 
2 5 

GFMi [ c l f ( x z )  + (c2 + c3) f ( x w )  
487r 3 

+2 (c12 + el3) g ( x z ,  Xw) + 2c23g(xw, Xw)] , (A.5) 

= Mi /Mw,  the functions f ( x )  and g(x ,  y)  are as before, and the coefficients 

(A.6) 

1 

1 
Xmj = - -~  KRji . (A.7) 

In all the previous expressions, the coupling matrices are taken to be real. The sign 
factors ei and r/i are introduced as explained in Section 3. 

Before we close this discussion, we notice that Eq. (A.5) can also be applied, with 
obvious modifications, to the case of quarks in the final state. For definiteness consider 
the process 

x ° x ° + u + ( A . 8 )  
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It is clear that 
valid with the following values for the coefficients ci: 

CI=~OLji-~-ORji) -Qusin20w +(-Qusin2Ow) 2 

C2----C3 ----¢12 =c13  =c23  = 0 .  
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in this case we have only the Z exchange diagram. Eq. (A.5) it is still 

(A.9) 

Notice that the neutralino decay formulas given above correct those previously given 

in the appendix of Ref. [24], which were not correct for the case of decays involving 
Majorana fermions, such as X -~ 3VT. However, the functions f (x)  and g(x, y) are the 
same as in Ref. [24]. 
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