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Abstract. The experimental limits on charged 
majorons, i.e. charged scalars which carry lepton 
number, are discussed in a model independent way. 
Possible signals in e+e - and e - e -  collisions are then 
estimated. It is stressed that the limits on majorons 
which conserve the different lepton flavors separately 
are presently very poor. These limits can however be 
improved by studying e+e - and e - e -  collisions. 

0 Introduction 

The only scalar particle which appears in the standard 
model is the Higgs boson. Nearly all extensions of the 
standard model increase the number of scalar particles, 
sometimes drastically. In this paper the phenomeno- 
logy of a specific set of scalar particles will be 
considered, namely of the majorons. In the present 
context a majoron is defined as a scalar particle which 
can have a Yukawa coupling tof]fz, wherefl , f2 are 
leptons which are present in the standard model. 
Several models contain this kind of majorons, e.g. 
left-right symmetric models [1] and the so called 
triplet majoron model [2]. In these models the 
majorons play a variety of roles. They can e.g. be used 
to break lepton number L, or B -  L spontaneously 
and thereby generate Majorana masses for the 
neutrinos. In such cases there appears a massless 
electrically neutral Goldstone boson which could lead 
to interesting phenomenology. 

Majorons can also carry electric charge. An 
interesting feature of the doubly charged Majoron is 
that it can appear as an s-channel resonance in e e 
collisions, while the standard model predicts only less 
spectacular t-channel physics for this process. At the 
moment there haven't been experiments with high 
energy e e collisions for a long time. For good 
reasons the experiments have concentrated at e+e - 
collisions. It is also impossible to change a storage 
ring for e+e - slightly to make it into a storage ring 
for e - e - ,  since it is impossible to store two colliding 

e- beams in the same magnetic field. For linear 
colliders as they might appear in the coming decade 
the situation is different. In principle it is possible to 
reverse the polarity of a linear collider, so that one 
could use a pair of linear colliders for both e+e - and 
e e studies. 

The phenomenology of majorons has been studied 
several times in the context of specific models [3-5]. 
Here it is the purpose to study the phenomenology of 
the charged majorons as model independent as 
possible. This means e.g. that one cannot assume that 
the neutral components of the majorons develop a 
vacuum expectation value (vev). By assuming that the 
vev's vanish one can avoid many limits which arise 
from neutrino masses [6] or lepton number violations 
[7, 8]. In this case the spectrum doesn't contain a 
Goldstone boson to which many limits are tied [9-12], 
and also relations between the masses of the majorons 
with different charges, as they exist in many models, 
do not exist anymore. 

When one adds a set of majorons to the standard 
model, without giving their neutral components a vev, 
the result is obviously a rather ugly model which does 
not solve any theoretical or experimental problem. 
However the question of the existence of majorons 
can only be answered by the experiment. 

The contents of this paper is as follows. In the first 
section the quantumnumbers and the interactions of 
the majorons are discussed. Sect. 2 deals with the 
existing limits on doubly charged majorons, while the 
singly charged majorons are covered by section three. 
These limits are then used to estimate the possible 
signals in e+e - and e - e -  collisions i~ Sects. 4 and 5. 
A few concluding remarks make up Sect. 6. 

1 Spectrum and interactions 

Given the fermion content of the standard model the 
number of scalars that can have Yukawa interactions 
with the known fermions is rather limited. When we 
restrict ourselves to scalars which are color singlets, 
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then the only possibilities are [3,4]: (i) an SU(2) 
doublet with hypercharge Y = + 1. This is nothing 
but the ordinary Higgs boson. (ii) an SU(2) singlet, 
Y = - 4  the a - -  (iii) an SU(2) singlet, Y = - 2 ,  the 

i b-. (iv) an SU(2) triplet, Y = - 2, the c,  containing a 
neutral component, a component with charge - 1 and 
a component with charge - 2 .  One can make total 
lepton number still a symmetry of the Yukawa 
couplings when one assigns L = + 2 to the majorons 
a- - ,  b-,c i. 

Apart from the usual gauge interactions the 
majorons have the following Yukawa couplings to 
leptons: 

~ Y u k  = 1 V a ,. , ,eTt'-,o ya a,oTr~, 1 a T 2 a c e  t* R ' '~'R -]- elt WR'~I~R + ~Yu~#RC#R 

+ Yb~'b* \ e /L  k # /L  

l y e  C * ( V e ~ T g . c i c ( 1 ; e  ~ 
-'F ~ - - ee  i 

\ e l l  \ e l l  

+ y c  C.*('r ~ 
~ ' \ e J L  \ # J L  

l_y, C,{vu)rer +c.e (1.1) 
\#)L 

where C is the charge conjugation matrix and ~ the 
two by two antisymmetric tensor in isospin space. 
Only the couplings of the first two generations have 
been shown. Note that the couplings of the b, the 
singly charged singlet, are antisymmetric with respect 
to lepton flavour. By restricting the Yukawa 
interactions and assigning Le, L u and L~ to the scalars 
properly, it is even possible to conserve the different 
lepton flavours separately. 

The most general SU(2) x U(1) invariant potential 
one can write down for these fields (taking only one 
copy of each) contains four mass terms, three threepoint 
interactions and fifteen independent fourpoint inter- 
actions. It turns out that due to the SU(2)x U(1) 
symmetry total lepton number is violated by the three 
point couplings and by nothing else. Therefore one 
can avoid all limits coming from lepton number 
violating processes by assuming these three point 
couplings to be absent or small. One thereby also 
eliminates the coupling d(or~r which would cause 
the neutral component of d to develop a vev as soon 
as the SU(2) x U(1) symmetry is broken by the Higgs 
field. 

When the Higgs field develops its vev, the two singlet 
majorons wilt both mix with the components of the 
triplet majoron which have the same charge. The scalar 
potential has enough free parameters, even when 
lepton number conservation is imposed, to allow any 
value of the masses and mixing angles. The physical 
states are: 

a~ = cos c~a + sin c~c 

a 2 = - -  s i n  ~ a -  - + c o s  ~xc 

b~- = cos fib- + sin fie- 

b 2 = - sin fib- + cos fie- (1.2) 

where a -  - and b-  are the SU(2) singlet majorons and 

C -  = C  3 

C t _ ic 2 
c- - - - -  (1.3) 

One can allways choose the angles such that real < ma2 
a n d  rob1 < grlb2. 

Since the majorons can have an SU(2) invariant 
massterm and also get a contribution to their mass 
from the vev of the Higgs field, their couplings to the 
Higgs field are not proportional to their mass matrix. 
There also exist off diagonal couplings like Ha~ -a 2 + 
and Hb-[ b +, which are however proportional to sin 2~ 
resp. sin 2/ /and therefore suppressed when the mixing 
angles are small. 

Both the singly charged b-  and the singly charged 
component of the triplet carry hypercharge Y = - 2  
and third component of weak isospin T3=0 .  
Therefore the rotation to their masseigenstates will 
not introduce offdiagonal Z-couplings. This is different 
for the daubly charged components. Here one mixes 
two fields with different hyercharge and will in general 
create a nonzero offdiagonal coupling Za~- a~ + 

The mixing of the charged scalars also gives rise to 
a source of CP-violation. When one considers a 
process which involves only a limited number of 
Yukawa couplings, one can frequently get rid of the 
CP violating phases by redefining the scalar fields. 
When one ties different scalar fields into mass 
eigenstates the freedom to redefine the phases of the 
fields is restricted. This leads e.g. to an electric dipole 
moment for the electron. 

2 Limits on the doubly charged majoron 

It has been realized by a large number of authors that 
the best limits on virtual doubly charged majorons 
come from the process # -  ~ e  e e +. First of all there 
exists a very stringent upper limit on this branch- 
ing ratio [13]: BR(#- ~ e - e - e + ) <  1.0-10 - la  and 
secondly the doubly charged majoron contributes at 
tree level to this process. When the Yukawa couplings 
are given by 

= a* [eTC(feu + igeu~5)# + �89 + igee75)e] 
(2.1) 

where the coupling constantsfand 9 are combinations 
of the Yukawa couplings in (1.t) and the mixing angles 
from (1.2), then the rate is given by 

5 
rG, 2 (2.2) 

F(#--*e e e +) = 192rcm4%ff 
a 

where 

2 If~[ 2 + Ige.[ 2 [f~[2 + [gee[2 (2.3) 
a e f f  = 4n 4re 



Together with the upperlimit on the branching ratio 
this implies 

m ltvll2 a /~e f f  ~ 9 0 0  T e V .  (2.4) 
It has to be realized however that this lower limit 
can be circumvented by constructing a model in which 
the contributions from two majorons interfere 
destructively. 

Other limits on m,/ct~/f 2, where 0~ef f is an appropriate 
combination of Yukawa coupling constants, will now 
be discussed briefly. 

The charged majorons also contribute to # ~ e 7  
[14]. Defining the Yukawa couplings analogous to 
(2.1) we find for the effective #e7 coupling due to the 
exchange of a virtual doubly charged majoron 

FU - ~ 2 .  l=~,,.~ [ (ml(f ~af ~* -- g"tge*) 
i * * * * 

--  - gmu( f  u t f  et + gutgel) ) + (mr( --  f utget + g u t f  ~t) 
1 * + ~m,(f,,g,~ + g,~fe*3)~5]- (2.5) 

At first sight this expression could be enhanced by the 
presence of a heavy lepton, like the z, but the 
coefficients of mt are such that they vanish if one 
considers only one doubly charged majoron since a 
single majoron couples exclusively left- or right- 
handed. When one couplies more than one majoron 
the contribution of the heavy lepton is suppressed by 
sin 2ct. The typical size of this coupling is therefore 
given by the contributions which are proportional to 
the muon mass. This leads to a decay rate 

2 5 
F ( #  ~ ey) -- a0~eff/q't/t (2.6) 

1152n2m 4 

where this time 

(47~eff) 2 = Y ' , ( l f . l f * , + "  "* 2 . + . 2 ~ldYel -'1-If.tgel gutfeZ[ )" 
l 

(2.7) 

Using the experimental upper bound [15] B R ( # ~  
e7) < 4.9" 10- tl  one obtains the limit 

mao~Sf 1/2 > 27 TeV. (2.8) 

The doubly charged majorons contribute to rare 
decays just like they contribute to rare # decays. The 
experimental upper bounds [16] on rare ~ decays are 
not that tight, so when one translates them into limits 
on virtual doubly charged majorons one finds the 
rather poor limits. 

m/,1/z > 4.8 TeV a /~e f f  

> 4.5 TeV 

> 5.5 TeV 

> 5.5 TeV 

f r o m z - ~ #  # #+ 

fromz---*e e e + 

f r o m r - ~ #  e e + 
from z-  ~ # - # + e - .  (2.9) 

Of course 0~ef f is in each of these limits a different 
combination of Yukawa couplings, but unless 
something special happens they are of the same order 
of magnitude. 
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The limits which follow from the precise knowledge 
one has of the electromagnetic formfactors of the 
electron and the muon are not very tight. They are 
nevertheless of interest since they are the best limits 
one can obtain when for some reason not only the 
total lepton number is conserved, but also each lepton 
flavor separately. The contribution of one doubly 
charged majoron to the anomalous magnetic and 
electric dipole moments of the electron is given by 

--  2me 2 + e#'"q.,, ~ [ ~ ( I f e ,  I Iget[ 2) F'(q) - 16n2m~ 

m a 5 2 -m~ ln~2-  ~ (Ifetl +lg~,l 2) 

5 , , 

\ mt 

The second term on the rhs gives a contribution to 
the anomalous magnetic moment of the electron which 
is enhanced by a factor rn~ and a logarithm. Its 
coefficient is not of definite sign however and vanishes 
when one considers only one doubly charged majoron. 
In general this term will be suppressed by a mixing 
angle. The third term on the rhs contributes to the 
electric dipole moment of the electron. For this term 
not to vanish, several requirements have to be met. 
Consider for example the case in which one has one 
singlet and one triplet majoron. To start with the 
contribution is proportional to Im Y~e*Y~ez, i.e. the 
Yukawa couplings have to have a nontrivial relative 
phase. The coefficient is also proportional to sin2a 
and a nonzero electric dipole moment requires 
nontrival mixing. Finally the contribution of the 
heavier mass eigenstate exactly cancels the contribu- 
tion from the lighter mass eigenstate, when both states 
are degenerate in mass. This gives a final suppression 
with a factor proportional to ma22 _ m, c2 Therefore the 
only unavoidable contribution comes from the first 
term. Comparing this with the uncurtainty in the value 
of the electrons magnetic moment, we find 

m / n l / 2  o~eff > 30 GeV. (2.11) 

Where this time 

4Xaeff = 2 (I f~tl 2 + [gell2) �9 (2.12) 
1 

Repeating the same for the muon one finds 

m l,vtl2 a/~eef • 340 GeV. (2.13) 

These bounds are obviously very weak, but the best 
bounds available when all leptons flavors are 
separately conserved. 

Recently the upper limit on muonium-antimuonium 
conversion has been improved drastically [17]: 

[(M[aUflM)l 2 < 9.3" 10-13eV (2.14) 

This still leads to a rather poor limit on charged 
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majorons however 

m/~ , l / z=  4n]O(0)] 2 1/2>470GeV. 
a / ~ e f f  ( M oVg M )  

(2.15) 

3 Limits on the singly charged majoron 

In many models featuring majorons there exist 
relations between the masses of singly and doubly 
charged majorons. Using these mass relations together 
with the strong bounds on the masses of the doubly 
charged majorons, one also obtains strong bounds on 
the singly charged majorons. This is obviously a model 
dependent procedure. The strongest, model indepen- 
dent bounds on singly charged majorons arises when 
one considers the corrections to weak interaction 
parameters due to tree-level exchange of majorons. 

The weak mixing angle sin Ow and the neutral vector 
boson mass can both be determined from the elastic 
cross sections for rue and ~e  scattering. When one 
adds the singly charged majorons, two things change. 
The charged majorons also contribute to these 
scattering processes and secondly processes like 
v~e-~v~e now also take place, which cannot be 
distinguished experimentally from elastic scattering. 
The latter effect only adds incoherently to the standard 
model, while the former is enhanced due to 
interference, therefore we ignore the latter from now 
on. The standard model effective action for v,e and 
~,e scattering is: 

e 2 

~ e f f - -  2 2 2Vuy~(1--ys)Vu ~ ( v ~  (3.1) 
16s 0 c o m z 

where s 02 = sin 20w, c~ = 1 - s~, Vo = 1 - as 2. When the 
majoron b has the following coupling 

( T -- + f e , , , e r C 1 - - ] ' S V )  (3.2) La=b* f , , . #  C1 75v~ 2 
2 

it contributes the following to the effective action: 

I 2 
IL~,, - ~,. (3.3) = ' 2 Y/~) t l  - -  ys)V.~yx(1 - 75)e. 

6 ~ 8rob 

When one determines the weak mixing angle from the 
ratio a(~,e)/a(v,e) one gets 

- 2s4~ If~"12 (3.4) 
6 s i n  2 0 w = s i n  2 0 L ~  -- s i n  2 0 w = e2 m~ 

where Ow is the parameter appearing in the action and 
OLE is the mixing angle as determined from the low 
energy data without corrections for the presence of 
the majoron. 

From the total cross-section one can analogously 
determine the shift in the neutral vector boson mass 

6m~ 4 2 2 _ - -  2So mz I f ~ , ~ [  

2 e 2 2 m z mb 
(3.5) 

The standard model effective action for # decay 

_ e  2 

~ e f l  - -  8mZws~ v.7~( 1 - 75)#eYX( 1 - 75)Ye (3.6) 

also gets a contribution 
�9 , 

f ,  vefev, 
65r -- 8mbZ ~,~z(1 -- ~5)/~ya(1 -- 7s)Ve (3.7) 

due to majoron exchange. This causes a shift in the 
charged vectorboson mass 
~ m  2 2 2 2 mwS o 2lfev.I + Re f u ~ . f  e* . (3.8) 

2 e 2 2 mw m b 

When one constructs the p parameter, p=m~v / 
mZcosZOw from these low energy measurements, 
one finds 

6p _ 6m~ (3.9) 
p m 2 '  

What can one learn from this? The shift in the p 
parameter due to other causes than standard model 
radiative corrections is known to be less than about 
2% [18]. 

2 2 2 
6p _ 3mws o c~af < 2% (3.10) 
p am 2 

and therefore mba~f)/2> 5.5TeV. At LEPI one will 
be able to measure the Z mass with an accuracy of 
100 MeV. This will raise the limit to mb~ff  1/2 > 7.3 TeV. 
In case one will be able to determine the W mass with 
the same accuracy at LEP II, the limit again improves 
mbo~f)/2 > 16 TeV. 

Note that through a judicious choice of phases for 
the majoron couplings the values of 6p and &nee can 
be reduced, but that this is not the case for 6mz. It is 
also interesting to observe that these limits do not 
involve processes which violate lepton flavor. 

To finish this section a few other limits on singly 
charged majorons will be briefly discussed�9 The 
presence of a singly charged majoron gives rise to a 
#e7 vertex 

- -  e#'Vq*m ' (1 + 75) (fu,fe*z)" 
F"(q)- 96n2m~ (3.11) 

Together with the experimental bound on BR(# ~ e7) 
this leads to 

mt#ef~/2 > 8.4 TeV (3.12) 

but there are many ways to circumvent this limit. 
There could e.g. be destructive interference with the 
contribution of the doubly charged majorons. 

It is amusing to note that the, in itself amazing, limit 
on the process # ~ eve~" [19], i.e. the # decay to the 
"wrong" kind of neutrinos, leads to a nontrivial bound 
on charged majorons. The rate for this process is given 



by 

5 
F(p--*eVefu) = mu 384rc3m41f ur121fe,,e [2 (3.13) 

which leads to the lower limit on the mass off 

mb%-f~/2 > 1.3 TeV. (3.14) 

Finally the limits from the anomalous magnetic 
moments of the electron and the muon are even weaker 

mbO~e-ff 1/2 > 10 GeV from the electron (3.15) 

mb%-fl/2> 122GeV from the muon. (3.16) 

The singly charged majorons do not contribute to the 
electric dipole moments of leptons. 

4 Signals in e § e" collisions 

Since the majorons that can have Yukawa couplings 
to the ordinary leptons are necessarily gauge 
non-singlets, they can be easily pairproduced in e + e-  
collisions. When one assumes that there is exactly one 
majoron with each set of quantum numbers one finds 
for the pair production crosssection 

do- = ~2j~3/2(1, m2/s, mE~s) sin2 0 

die 8s 

Qz(1 -- 4 sin 20w) s 2 

�9 Qq 4s i~20~cos~EO~s_m2+ imz l-'z 

Qz s 2"X 

+ 4 sin 20w cos 20w s - m 2 + imzF z ) 
where Q and Qz for each process can be found in 
Table 1. Under most circumstances this proceeds with 
ordinary electroweak strength. The only exception is 
the case when the mixing angle of the doubly charged 
majorons has precisely the right value to make the 
coupling of the lightest doubly charged majoron to 
the Z-boson vanish, i.e. sin s c~ = 2 sin s Ow. In this case 
the crosssection for pairproduction of this scalar does 
not feel the Z resonance although it cannot be made 
to vanish completely. It is therefore quite save to 
assume that the lower limit for the mass of a charged 

Table 1. This table contains the coefficients which appear in the 
expression for the pair-production cross-section of scalar particles 

Particles Q Qz 

~a~ -2  2 ~ - ~  
a 1 a 2  0 - s~tc a 

aEa 1 0 --  S~C~ 
aEa2 - 2 2s~ - c~ 

2 bl-b 1 - 1 s o 

2 bEb2 - 1 s o 
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majoron is about the same as the search limit for any 
other charged particle: a little below the beam energy 
of the highest energy e § e - machine available. 

An obvious possibility to look at virtual majorons 
is e+e - ~ # §  which can be mediated by a doubly 
charged majoron in the u channel. Its total crosssection 
is given by 

a : n % ~ f (  s-+-2m~2a 2mEalnS+mEa) (4.2) 
s \ s+mE, s m~ J 

where this time 

(47C0~eff) 2 = (ILel 2 + [geelN)(Ife, I 2 + Igeu[2). (4.3) 

The stringent lower limit on the majoron mass (2.4), 
which arises from the crossed process # +eee ,  leads 
however to an upper limit on the cross-section for this 
process of about 

s 
a(e+e - ~ # +  e-)  < 5.10 -1E .._2 pbarn. (4.4) 

1,n Z 

It is therefore rather unlikely to see the charged 
majoron this way. 

Another possibility is to look at the forward-  
backward asymmetry in e + e-  ~ # + # -  collisions. As 
an example, consider the differential cross-section for 
this process on top of the Z resonance 

da  O~ 2 1 
dE"2- 4 4 F z ( ( l + vZ)2( l + c~ 0) + 8v~ cOs O) 

1024% s o 
~(~eff 1 

m~(1 + cos0) 2 (4.5) 

where 4g~ef  f = (Ife.[2 + Ig@ E) and m a is the mass of 
the doubly charged majoron. This leads to a 
forward-backward asymmetry 

Av_n = a(cos 0 > 0) - a(cos 0 < 0) = 3v 2 27 c~off F~  
2 a(cos 0 > 0) + a(cos 0 < 0) 8 m a 

(4.6) 

When one measures this asymmetry with a 1% 
accuracy, one establishes the following bound 

maO~ef 1 / 2  > 650 GeV. 

This is very meagre compared to the bound (2.4) 
obtained from the decay # -  --+ e e e+. However the 
process considered here does not involve lepton flavor 
violation. In case all lepton flavors are separately 
conserved, even in the presence of majorons, this is 
the strongest bound one can obtain. 

5 e e scattering 

When one considers e e scattering it is natural to 
contemplate the doubly charged majorons, since they 
are by construction the only scalar particles which can 
produce an s-channel resonance. The bound on the 
Yukawa couplings of the doubly charged majorons 
are however that tight that it is very unlikely that one 
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can see majorons this way. As an example the 
cross-section for e e ~ # - p -  on top of the majoron 

2 2 resonance is roughly aTOP = rc%ff/(8F,). When the 
majoron decays through its Yukawa couplings 
Fa ,~ 1/4rn, e~ff and therefore atop ~ 2rc/rn~. This means 
that for m~ ~ 100 GeV the cross-section on top of the 
resonance is 2.5.105 pbarn, a sizeable number. It has to 
be realized however that due to the bound (2.4) on the 
Yukawa coupling, the width F ,  has to be smaller than 
1 keV. To keep the smeared cross-section at the level 
of a few pbarn, the beam energy spread has to be 
smaller than 10 MeV. This might be hard. However, 
due to the poor limits on the lepton flavor conserving 
majorons, it is still not excluded to see a large signal 
here. 

One could also look at the process e - e -  - + b - W - .  
The total cross-section for this process is given by 

~r(e-e- ~ b - W - )  
1/2 2 2 

__ 2 / t ~ e e  f J. (1, mb/s , mw/S ) 
m 

so 2 s 

( �9 1 ( s - r o w )  + m b  lnS -m w - m  b - 1  
; 2 2 __ /~1/2 \ ( s -  M w -  m ),V/2 s -  r o w -  mb 

(5.1) 

where 2 = 2(s, m~, m~) and eoff = [fe~o ]2/4re" When one 
almost saturates the bound (3.12) by assuming 
eoff ~(mJ10TeV) 2 one obtains for center of mass 
energies of 300 GeV and 1 TeV the numbers of Tables 2 
and 3. Apparently it is still possible to have a sizeable 
effect in this channel. 

It is also possible to use e e to obtain drastically 
improved bounds on virtual doubly charged majorons 
when all lepton flavours are separately conserved, by 
studying the angular distribution of Mr scattering. 
The differential cross-section for elastic e e scatter- 
ing is given by 

da ~2 
- f (O)  (5.2) 

dO 2s 

where a symmetry factor �89 is included. When one 
includes the contribution of a doubly charged majoron 
f(O) can be expressed as 

f(O) =fo(0) - ~ f~ (0) (5.3) 
D'/a C~ 

where the standard model value is given by 

Table 2. The crosssection for b - W -  product ion  in e - e -  collisions 

for center off mass  energy x / s  = 300 GeV 

mb(GeV) ~r < (pbarn) 

60 0.14 
80 0.23 

100 0.34 
120 0.47 
140 0.62 
160 0.81 
180 1.00 
200 1.10 

/ -  
Table 3. The same as Table 2, but  for ~ / s  = 1 TeV 

mb(GeV ) a < (pbarn) 

100 0.07 
200 0.24 
300 0.50 
400 0.89 
500 1.47 
600 2.38 
700 3.89 
800 6.43 
900 7.80 

and the contribution of the majoron by 

fl(O) 1 (v 2 + a2)(1 + 2m2/s) 
- (5.5) 

1 - cos 2 0 (1 + 2m2/s) 2 -- cos z 0" 

In these expressions /)=-/)o/4SoCo, a = 1/4SoCo and 
4n~f f  = [feel 2 +]gee 12. For simplicity terms which are 
proportional to avRefeeg*~ are ignored in this 
expression. To get some feeling for the sensitivity of 
the angular distribution we consider the ratio 

R = &r/dt'2(O = 45 ~ 
= R o + 5R (5.6) 

&r/dl2(O = 90 ~ 

where 

fo(45 ~ 
Ro - (5.7) 

fo(90 ~ 

and 

6 R _  2S~ef f ( f t ( 9 0  ~ f1(45~ (5.8) 

Ro maZC~\f0(90 ~ f0(45~ 

To(O) = 
9 + 6 c o s  2 0 Av c o s  4 0 t- 8(/) 2 ~- a 2) 1 + 2m2z/s - c o s  2 0 

(1 - cos2) 2 [(1 + 2m~/s) 2 - cos 2 0] [1 - cos 2 0] 
+ (/)2 + a2)2.9(1 + 2m2z/S) 2 + (6 + 12m~/s + 4m4z/S 2) cos 2 0 + cos 4 0 

[(1 + 2m~ / s )  2 - -  cos 2 0] 2 

+ 4v2a 2 7(1 + 2m2/s) + cos 2 O( -- 4 -- 4m~/s + 4m~/s 2) -- cos 4 0 
(5.4) 

[(1 + 2m2/s) z - cos 2 032 



Assuming that  one can verify experimental ly  that  
6R/Ro < 10 -3 one obtains  the following bounds  

mae~f~/2 > 4 TeV (x/~ = 10 GeV) 

> 22 TeV (x/~ = 50 GeV) 

> 50 TeV (x/~ = mz). (5.9) 

I t  is clear that  a l ready the bound  which could be 

obta ined at x//s -- 10 GeV means  a d ramat ic  improve-  
ment  over  the strongest  presently existing bound  on 
doubly  charged majorons  which conserve lepton 
flavor, i.e. the bound  (2.13) arising f rom the anomalous  
magnet ic  m o m e n t  of  the muon.  The second best limit 
on any kind of doubly  charged majoron ,  the one f rom 
/~ ~ ey (2.8) is a l ready surpassed for energies of abou t  
50 GeV. To  reach the limit f rom p ~ eee one has to 
increase x/~ beyond  1 TeV however.  

6 Conclusions 

In this paper  the exper imental  limits on var ious types 
of  charged ma jo rons  have been considered. 

I t  has been found that  the limits on doubly  charged 
majorons  which have lepton f lavour off-diagonal 
couplings are very tight. They  have to be very heavy 
or couple very weakly. Even if one finetunes the 
couplings such that  the limit (2.4) f rom / ~ e e e  is 
circumvented,  one still has the limit f rom # ~ e7 

m/~,a/z > 27 TeV. (6.1) a /~e f f  

This is not  the case for doubly  charged majorons  
which conserve all lepton numbers  separately. The  
best limit on virtual ma jo rons  of  this kind comes f rom 
the anomalous  magnet ic  m o m e n t  of the m u o n  and is 
two orders of  magni tude  weaker  than  (6.1) and can 
still be c i rcumvented by flnetuning rather  easily. The  
limits on this kind of ma jo rons  can be drastically 
improved  by detailed studies of  e+e - and e e 
collisions. 

The best limits on the singly charged majorons ,  
which do not  involve model  dependent  relations 
between the masses of the different majorons ,  arise 
when one considers the correct ions to the weak 
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m l,,,l12 b/~off > 7.3 TeV. (6.2) 

with the possibility to be improved  by a factor  of  two 
in the near  future. Therefore this limit does not  weaken 
when one considers ma jorons  which couple f lavour 
diagonally. 

The only way to get limits on their mass  which are 
independent  of the Yukawa  couplings is by actually 
producing them onshell. This can ofcourse be done 
through pa i r -product ion  in e+e - collisions, but  also, 
for the singly charged majoron,  by producing it in 
associat ion with a W -  in e e collisions. The doubly  
charged ma jo ron  can only be visible as an s-channel 
resonance in e e collisions when it does not  couple 
flavor off-diagonal, but  can in that  case produce  a 
large signal. 
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