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W'e consider the effect of a doubly charged Higgs boson (6 ) on several processes. We find that
the effective Hamiltonian that is normally used to interpret the results of muonium-antimuonium
oscillation experiments also describes the t-channel exchange of a 6 . A limit on the existence of
the 6 is extracted from the most recent muonium oscillation result. The effect of 5 exchange
on high-energy Bhabha scattering is discussed, and a limit is extracted from the published cross sec-
tions of several experiments at the SLAC and DESY storage rings PEP and PETRA. The case of a
nondiagonal coupling of the b, to the charged leptons (nondiagonal in lepton Aavor) is con-
sidered. A limit is extracted from the result of the most recent search for the rare decay p~3e. Fi-
nally, a coupling-independent limit is extracted from a recent measurement of the process e e ~4
leptons at PETRA.

I. INTRODUCTION

The origin of the apparent family structure of all
known fermions is a complete mystery. It has been
known' since the discovery of the kaon that the weak
eigenstates of the quark sector do not respect this family
structure. However, no analogous behavior has ever been
observed in the lepton sector. Most searches for lepton-
Aavor violation have concentrated upon processes which
change lepton Savor L& by one unit (e.g. , IC~pe or
p—+ey). There have been relatively few searches done
for those processes that change lepton flavor by two
units.

The first searches for AI.& =2 transitions were motivat-
ed by the realization that the absence of the decay prey
could be explained by a multiplicative quantum number
instead of an additive one. Feinberg and Weinberg sug-
gested a number of experimental tests of this idea. Two
of their suggestions were to search for the process
e e —+p p, and to search for the transformation of
muonium (p+ e =M) into antimuonium (p e—:M).
This latter process is the exact analog of K -K mixing.
In the absence of external electromagnetic fields and as-
suming that the mass difference of the mixed states, 5, is
small, the probability of observing a transition P (M ) can
be written as

P(M) = $2

2I „
where I „ is the muon decay rate. Feinberg and Wein-
berg assumed that the transition could be characterized
by an efFective Hamiltonian of the form

GMM
g„y (1+y~)t)'t, g„y (1+y5)g, +H. c. , (2)MM 2 P

where GMM is an efFective four-fermion coupling con-
stant. They then calculated that the mass difference for
the hyperfine J=0 and J =1 states would be of the form

16GMQ
a=2(M~a —~M) =

27ra

where a is the Bohr radius (a '=Q, m, ).
In the late 1960s a group at the Los Alamos Meson Fa-

cility searched for the spontaneous conversion of muoni-
um into antimuonium. They did not observe a signal and
were able to place an upper limit on GMM of 5800GF,
where GF is the Fermi coupling constant. A second
group working at the Princeton-Stanford electron storage
rings searched for the process e e ~p p . They also
obtained a null result. Using Eq. (2) to calculate the ex-
pected cross section, they placed an upper limit on GMM
of 610GF. Since that time, several groups have searched
for muonium-antimuonium conversion. ' The most sen-
sitive search to date has established an upper limit on
GMM of 0.88GF.

It is interesting to note that none of these results rules
out the presence of a multiplicative quantum number
(which would presumably allow muonium-antimuonium
conversion and double electron-muon conversion to
proceed with a characteristic coupling GMM =GF). The
absence of a rnultiplicative lepton quantum number is in-
ferred from the small size of the branching ratio of
p+ ~e+v, v„(Ref. 10),

I (p+~e+v, v„) + 0.098,
I (p,

+ ~e+v, v„)

and from a measurement of the ratio of inverse-muon-
decay cross sections:"

cr(Ve ~p v ) ~0.05 .
o(v„e ~p v, )

In the years since the original work of Feinberg and
Weinberg, a number of physical models have been pro-
posed that incorporate lepton-Aavor-changing processes.
Feynman diagrams for three processes that mediate the
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conversion of muonium into antimuonium' are shown in
Fig. 1.

Figure 1(a) represents the second-order exchange of or-
dinary massive Dirac neutrinos. Since the external (lep-
ton) masses are at least as large as the internal (neutrino)
masses, this process is more analogous to B -B mixing0 —0

than to neutral-kaon mixing. Several authors' have cal-
culated the effective Hamiltonian for B-meson mixing.
Changing quark labels to lepton labels, we can write that
the effective Hamiltonian for second-order neutrino ex-
change is given by the expression

(1+ys)g, Q„y (1+ys)QP

G~+ —$„(1—ys)f, g„(1—ys)g, +H. c. ,P (4)
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where the coupling constants G~ and Gz are complicated
functions of lepton masses, neutrino masses, and mixing
angles. Equation (4) differs from Eq. (2) by the inclusion
of a second term. The effect of the second term on the
mass difference is comparable in magnitude (but opposite
in sign) to that of the first term. Using expressions given
in Ref. 13, it is straightforward to estimate the following
very conservative upper bound for G~ and G~:

G,'&z
G„,G~ &

2
I„'=7X10 'GF .

8m

This is more than 8 orders of magnitude smaller than the
best experimental limit on GMM.

The process represented by Fig. 1(b) is quite similar to
that represented by Fig. 1(a) except that Majorana neutri-
nos are exchanged instead of Dirac ones. Halprin'" has
noted that the absence of neutrinoless double-beta decay
implies that this process must occur with an effective

coupling G~M &3X10 G„. This is also well below the
limit of observability.

The third process shown in Fig. 1(c), involves the t
channel exchange of a doubly charged Higgs boson. A
number of authors' ' have considered the effect of dou-
bly charged Higgs bosons on various lepton-number-
violating processes. Observable effects have not been
ruled out by other processes.

II. DOUBLY CHARGED HIGGS BOSONS

There is a large body of literature that deals with dou-
bly charged Higgs bosons of various types. ' ' ' Al-
though they can arise in a number of scenarios, doubly
charged Higgs bosons are a natural feature of right-left-
symmetric models. Since they couple only to charged-
lepton pairs, other Higgs bosons, and gauge bosons, they
contribute only to the higher-order corrections of pro-
cesses that involve hadrons. Many of the most sensitive
tests of lepton-flavor conservation make use of initial
state hadrons. The limits on the existence of doubly
charged Higgs bosons are therefore relatively weak.

In most models, the coupling of a doubly charged
Higgs boson 5 to a pair of leptons of flavor I can be
described by the following Lagrangian density:

&R =gn~ flzlr+H c

where gll is a dimensionless coupling constant;
giz =

—,
'

( 1+ys )g& is the right-handed charged-lepton
field; and p& =Cp& is the charge-conjugate field. In some
models, the 6 couples to left-handed fields rather than
the right-handed ones of Eq. (5). In the right-left-
symmetric models there are scalars Az and AL which
couple to right- and left-handed fermions, respectively.
However, since most of the experimental processes that
we shall consider are insensitive to the chirality of the
lepton fields, we choose to consider only the right-handed
case. ' It is worth noting that Eq. (5) describes the cou-
pling of the doubly charged Higgs scalar to a pair of
right-handed leptons. Contrary to the claims of Ref. 16,
this coupling is not helicity suppressed.

The mass of the doubly charged Higgs boson M~ is
certainly large on the scale of the momentum transfer
that is associated with muonium to antimuonium oscilla-
tion. The effective Hamiltonian for M-M conversion can
therefore be written as

W W + Mixed Diagrams

,""
O,'P,~0„~4„'+H.c.

M2 «P P

(c)

FIG. 1. Three possible subprocesses for muonium to antimu-
onium conversion. (a) represents a second-order exchange of
ordinary Dirac neutrinos. (b) is a similar process but with Ma-
jorana neutrinos instead. (c) represents the t-channel exchange
of a doubly charged Higgs boson. Note that all diagrams can be
reordered to describe the process e e ~p p

2" it'py (1+ys)g, p„y (I+ys)P, +H. c.
8M~

(7)

Equation (7) is identical to Eq. (2) with the coupling con-
stant GMM defined as

It is instructive to transform Eq. (6) into a form more like
Eq. (2). This can be done by first performing a Fierz
transformation, and then by transposing the scalar (in
Dirac space) formed from the product of the charge-
conjugate fields. The effective Hamiltonian can then be
written as
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I I I I I II+. process of Bhabha scattering. %"e then consider the case
in which the doubly charged Higgs boson couples nondi-
agonally (in lepton flavor) to the charged-lepton sector.
In that case, very stringent limits can be obtained from
the existing limit on the branching ratio for the process
p~ 3e.

A. Bhabha scattering

Allowe

102 =
= e+e —4L p, e+)=

C.L.

Doubly charged Higgs scalars contribute to Bhabha
scattering at the tree level. As is shown in Fig. 3, this in-
volves the t-channel exchange of a 6 . If we assume
that M& is large as compared with the center-of-mass en-
ergy of the scattering process, the effective Hamiltonian
for this process can be written as

10"
10 2

I I I I I I lf

10
I 1hl I I ]II I I I

100
I ~&l I I I I I

2

&Bhabha 2 Pe PeR PeR Pe +H. C.
M~

gee lgeegp. p

FIG. 2. The 90%-confidence contours of Ma vs Qg„g„„and
g„ that are obtained from several processes. The limit that is
obtained from the published limit on muonium to antimuonium
conversion9 is shown as a dotted line (Qg„g„„is plotted along
the horizontal axis). The limit that is obtained from the
Bhabha-scattering data of several PEP and PETRA experiments
{Refs. 24—27) is shown as a solid curve {g„is plotted along the
horizontal axis). The coupling-independent limit that is ob-
tained from a measurement of four-lepton production {Ref. 35)
is shown as the horizontal dashed-dotted line. For reference,
the sizes of the coupling constants g, g', and e are indicated.
The strong-coupling limit occurs at the value &4m.

Mgee pI geeg pp
MM 4~2M2 2

where g is the SU(2) coupling constant and MB is the W-

boson mass.
Using Eq. (8), the current limit on GMM can be con-

verted into a limit on the ratio of couplings to M&.

geegpp
(900002 C.L. ) .

M~

This limit is represented graphically in Fig. 2 as a con-
tour of Ma vs Qg„g„„. Note that some authors'6 ex-
pect that the coupling constants g&I could be as large or
larger than the electromagnetic coupling. To indicate the
mass limits that correspond to such statements, the
values of the coupling constants e, g', and g are shown in
the figure.

Equation (9) is identical to Eq. (6) except that the muon
labels have been replaced by electron labels. Performing
exactly the same mathematical transformations as were
applied to Eq. (6), the Hamiltonian can be written as

2
gee

~Bhabha 2 PeR Y feR PeR Y afeR
2M~

(10)

+ A+ ( I+cos8)2],

where the coefficients A0, A, and A+ are defined as
'2 2

s
A 0

grgi t
e2

2
grgt S

2 Sz

where we have chosen to express all fields as chiral fields.
The advantage of the form given by Eq. (10) is that it is

very similar to one used by Eichten, Lane, and Peskin
to describe quark and lepton compositeness. In fact, Eq.
(10) is identical to Eq. (1) of Ref. 23 if we choose the pa-
rameters of their model as follows: g&z = 1,
gLL =g&L=0, g =g„, and A=M&. It is then trivial to
extract the cross section for unpolarized Bhabha scatter-
ing from Eq. (2) of Ref. 23:

dao H;,(cos8) =

2

[420+ A (1—cos8)

III. OTHER VIRTUAL PROCESSES

Those processes that exhibit explicit lepton flavor
violation may be the most spectacular to contemplate but
are not necessarily the most sensitive ones to use in ex-
perimental searches. In many cases, the most sensitive
limits on new physical processes come from precision
measurements of rather mundane processes. The fol-
lowing section describes a study of the rather mundane

FIG. 3. The contribution of a doubly charged Higgs scalar to
Bhabha scattering.
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2

g+ ———1+—+, +1 s gr s s
2 t 8 sz tz

2
1 s gi s s
2 t e sz tz

2g 5

e M~

The various quantities used in Eq. (11) are defined as fol-
lows: O is the scattering angle in the c.m. frame, s is the
square of the c.m. -frame energy, t = —s(1—cos9)/2,
sz =s —Mz+iMzrz (Mz and rz are the mass aild
width of the Z, respectively), tz = t M—z+iMz I z,
g„=e tan8ii (e and 8tt are the electric charge and elec-
troweak mixing angle, respectively); and gt = —e cot28~.

Strictly speaking, Eq. (11) is valid only for the case
M& &)s. If s is comparable to or larger than M&, the
coeKcient A+ must be modified to account for the eff'ect

of the 6 propagator. The modification can be deter-
mined by performing the usual Fierz reordering and
transposition - of the charge-conjugate current on the
correct amplitudes (shown graphically in Fig. 3) rather
than on the Hamiltonian. Comparing these amplitudes
with those that are given by Eq. (10), we note that it is
only necessary to replace Mz by the expression M& —t'
where t ' = —s ( 1+cos 8)12.

Several e+e experiments [TASSO (Ref. 24), PLUTO
(Ref. 25), HRS (Ref. 26), and MAC (Ref. 27)] have
searched for the contact terms described in Ref. 23. All
of them have published 95%-confidence limits on the
composite mass scale A for the g~z =1 case. These can
easily be converted into limits on the ratio g„/Mt, in the
high-mass region. Unfortunately, they do not apply to
the lower-mass region, Mz & v's, where the Higgs-boson
propagator effects are large. Fortunately, however, all of
the above experiments have also published their mea-
sured cross sections. The following section discusses an
analysis of their data to extract a single 90%-confidence
region in g„-M& space.

o',„~,(cos8; )
R,„,(cos9; ) =

Cr @ED(cos9t )
(12)

where cosO; is a bin of scattering angle; o.„,is the mea-
sured differential cross section; and o.

QED is the third-
order QED differential cross section from a calculation of
Berends and Kleiss. The data of both groups were
binned in exactly the same way: 19 bins from cosO=0. 8
to cosO= —0.8. The measurements of the HRS Colla-
boration were presented as an absolutely normalized
differential cross section of 22 bins from cosO=0. 55 to
cosO= —0.55. There was sufficient information in their
paper to convert their measurements into the form given
by Eq. (12). The resolution of the MAC detector was not
adequate to reliably identify the signs of final-state elec-
trons. Their results were therefore given in bins of the
absolute value of the cosine of the scattering angle
~cos9;~ —=cos8;+cos( —9;). Their measurements were
presented as an absolutely normalized cross section in
nine bins from ~cos9~ =0.0 to cos8~ =0.9. As in the case
of the HRS measurements, it was straightforward to con-
vert the MAC measurements into the form given by Eq.
(12).

For each of the above measurements, the point-to-
point systematic uncertainties were added in quadrature
with the statistical error of each data point. In all cases,
the statistical error was the dominant component of the
total error. The overall normalizations of the four mea-
surements were determined by four diff'erent procedures.
Each group quotes a normalization uncertainty in the
range 1%—3%.

It is assumed in the following analysis that the size of
the radiative corrections that aff'ect the weak-neutral-
current and Higgs-boson-exchange processes are much
smaller than those associated with the underlying QED
process. In this approximation, the measured ratios
that are defined in Eq. (12) can be compared directly with
the quantity R„„,

Experimental results
o H; ,(cos9)

R t„,(cos8) =
0 gED(cos9)

(13)

The parameters of the measurements of the Bhabha-
scattering cross section by the experiments at the SLAC
and DESY storage rings PEP and PETRA are given in
Table I.

The data of the two PETRA experiments (PLUTO and
TASSO) were presented in essentially identical formats.
Both groups published the differential cross section in an
absolutely normalized form and in a form that was nor-
malized to the expected QED cross section (including ra-
diative corrections). The latter form can be defined as

where crH;, is defined by Eq. (11) and where croED is the
tree-level QED cross section. Note that trQED is trivially
derived from Eq. (11)by setting g„=gt =g„=0.

The data were analyzed by performing a simultaneous
fit of R„„to the 69 measurements of R,„, from the

four experiments. The overall normalizations of the four
samples were allowed to vary as free parameters in all
fits. The analysis was performed in three steps to ensure
that the procedure is self-consistent.

The data were first fit to the form of R„„that includes

Angular regionExperiment

TABLE I. A summary of several measurements of the cross section for Bhabha scattering.

&s (GeV) fL dt (pb) No. of events

PLUTO (Ref. 25)
TASSO (Ref. 24)
HRS (Ref. 26)
MAC (Ref. 27)

34.8
34.8
29.0
29.0

41.8
174.5
164.8
127.6

59238
166 348
84 423

584 267

—0.8 (cosO~ 0.8
—0.8 ~ cos0(0.8—0.55 (cosO & 0.55
0.O& ~cose~ &0.9
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QED effects only,

Rtrcc =« (14)

In the low-mass region (Ma (50 GeV), the fit quality
remained quite good (at Ma =10 GeV, the value of y
was 58.5). The eff'ect of the Higgs-boson propagator was
to produce a less restrictive limit on g„ in this region.
The limit is summarized in Fig. 2 as a contour in g„-M&
space. For the case g„=g„„,this limit is 2.7 times more
stringent than the one derived from the muonium-
antimuonium limit.

To ensure that this result is not sensitive to our choice
of sin 0+, the data were fit to R „„with both sin 0~ and
g„allowed to vary. A result that is very similar to the
one shown in Fig. 2 was obtained.

We note that the cross section as described by Eq. (11)
is not right-left symmetric. The term corresponding to
exchange of the right-handed Higgs boson interferes with
the right-handed part of the weak neutral current. A
left-handed Higgs boson would interfere with the left-
handed part of the weak neutral current. Since right- and
left-handed electrons couple with different strenghts to
the Z, a left-handed Higgs boson would not produce ex-
actly the same effect on the cross section. However, since
the size of the 6 -Z interference term is quite small at
PEP and PETRA energies, the limits shown in Fig. 2 ap-
ply equally well to the left-handed case.

where C; is the normalization of the ith sample (i =1,4).
The minimum value of g was 76.8 for 65 degrees of free-
dom. This corresponds to a g probability of 0.15.

The data were then fit to the form. of R„„that includes
all electroweak effects. This form is given by Eqs. (13)
and (11) with the coupling constant g„constrained to
zero. The four normalizations and sin 0~ were allowed
to vary as free parameters. Note that both Mz and I z
were correctly scaled to sin 0~. The minimum value of
y was 58.3 for 64 degrees of freedom. The g probability
was improved to 0.81 by the inclusion of the weak correc-
tions. The best estimate of sin 0~ was 0.273+0'097 which
is consistent with the world average of 0.230.

Finally, the Higgs-boson-exchange term was included
in the definition of R„„[the propagator corrected ver-
sion of Eq. (11) was used]. A series of fits were performed
with the value of sin 0~ constrained to 0.230, and with
the mass M& constrained to a number of values from 10
GeV to 2 TeV. The four normalizations and the coupling
constant g„were allowed to vary as free parameters. As
one would expect, the best estimate of g„scaled as
g„/Mz in the high-mass region. In this region, the
minimum value of y was 58.3 for 64 degrees of freedom.
The best estimate of g„/Mz was (1.9+4.8) X 10
GeV . The following confidence intervals were ob-
tained:

2

(8.0X 10 GeV (90% C.L. )
M~

2

(9.7X10 GeV (95% C.L. ) .
M~

In order to check the results given in Fig. 2, the mea-
surements of each experiment were analyzed individually.
Each group used somewhat different assumptions to
derive their published limits for the composite mass scale
A (A=Ma in the case g„=&4m). We were able to dupli-
cate the results of three of the four experiments.

B. Muon decay

Many of the best limits on lepton-flavor violation come
from searches for rare decay modes of the muon. ' If the
coupling of the doubly charged Higgs boson to the
charged lepton is purely diagonal in the lepton fiavor [as
described in Eq. (5)], the 5 does not mediate muon de-
cay at the tree level. However, if (as several authors have
suggested ' ) the b, does not have nondiagonal cou-
plings to leptons, it can mediate the decay
p ~e e e . This process is shown diagrammatically
in Fig. 4. The nondiagonal coupling can be defined by
the following Lagrangian:

X,„=g,„A P,~ P„'+H. c. , (15)

where the coupling constant g,„is presumably suppressed
by the sine of a mixing angle as compared with the diago-
nal coupling constants.

Using Eq. (15) it is straightforward to express the
effective Hamiltonian for the decay p e e+e as

p ~~ c
~p~3w 2 WefpR PeR Pe+H c.

M~

", 0,)' (I+r5)W. it.)'.( 1+7's)it„
8M~

+H. c. , (16)

2 2
geagee

16GFM ~

ge @gee M 8'
(17)

FIG. 4. The decay p ~e e+e as mediated by a 5

where we have made the usual transformations. Using
Eq. (16) to calculate the p —+3e branching ratio, we find
that

I (p e e+e
1(p ~e vv)
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The best published limit on the branching ratio of
@~3eis 8 (p —+3e) ( 1.0X 10 ' at 90%%uo confidence. Us-
ing Eq. (17), we find that the limit on g,„g„/Ma is

IV. THE SEARCH FOR REAL 6,

The limits on the existence of doubly charged Higgs
bosons that are obtained from the study of virtual pro-
cesses have the property that the limit on the mass M& is
correlated with the size of the coupling gll. This correla-
tion can be removed by searching for the production of
real 6 6++ pairs. The process e +e
would produce rather spectacular four-lepton events
(such as e e @+p+ combinations). While it is likely
that such events would have been observed if a low-mass,
doubly charged Higgs boson did exist, there are no pub-
lished searches for them. There are, however, several
studies of ordinary four-lepton production available in
the literature. The following section describes the extrac-
tion of a coupling-independent limit from published mea-
surements of the process e+e ~4 leptons.

A. The cross section for e+e

The tree-level differential cross section for the process
e+e ~A 6++ is given by the expression

2 2 2 3/2
era Qt, 4M~

(1—cos 0*) 1—
4s sd (cos8*)

(18)

where &s is the total center-of-mass frame energy of the
e+e system; 0* is the polar angle of the outgoing 6
with respect to the incident electron direction; and Q~ is
the charge of the Higgs boson (Q&=2). The total cross
section for the process can therefore be written as

2 3/2
4M~

1
4m'

3$
(19)

In the limit M&/s —+0, the total cross section is equal to
the cross section for the production of muon pairs (or in
the language of electron-positron physics, the cross sec-
tion is equal to one unit of R).

Each of the Higgs bosons then decays into a same-sign
pair of leptons with a characteristic rate I ll that is given
by the expression

(4.7X10 " GeV (90% C.L. ) .
M~

This very impressive limit does not readily fit on the
scale of Fig. 2. It is sufticient to say that if the relevant
mixing angle 0,„is larger than 6X10, this limit is the
most stringent one on the existence of doubly charged
Higgs bosons.

fore short lived (in an experimental sense) unless the cou-
pling constants g&& are very small (less than 10 ).

B. Experimental results

A number of groups have studied the process
e+e ~e+e l+I at PEP and PETRA energies. In
most cases, they did not require that both of the electrons
were observed. Only two groups have published data on
large-angle, doubly tagged events.

The most complete and useful of these publications is
the thesis by Le Diberder, which describes an analysis
of the data of the CELLO Collaboration. His analysis is
based upon a data sample that was taken at nine different
beam energies from 17.5 to 23 GeV. The sample corre-
sponds to an integrated luminosity of 137 pb '. Part of
the analysis was a search for final states with four large-
angle (polar angle larger than 23') electrons and/or
muons. He observed a total of 25 four-lepton events in
three distinct final states. The observed number of events
is in excellent agreement with that expected from a
Monte Carlo calculation of Berends, Daverveldt, and
Kleiss. A summary of these observations is given in
Table II. The background from various other processes
(r pair production and leakage from other two-photon
final states) was estimated to be small (roughly one event
in the four-electron mode).

Simulation of the doubly charged Higgs boson p-rocess

In order to estimate the number of events that would
have been observed if doubly charged Higgs bosons were
produced, we have performed a Monte Carlo simulation
of the process e+e ~6 5++~4 leptons for the
CELLO detector. The simulation is based upon the cross
section as given by Eq. (18). Since the threshold behavior
of the cross section near the kinematic limit is quite im-
portant, we have included the effect of initial-state brems-
strahlung by using the structure function approach of
Nicosini and Trentadue. Each Higgs boson was al-
lowed to decay isotropically into lepton pairs. In order to
study the leakage of ~ decays into the electron and muon
channels, the three lepton Aavors were simulated accord-
ing to a hypothetical set of branching ratios. The tau
simulation included all spin correlations for the dominant
single-prong decay modes (spin correlations were not in-
cluded for the nonresonant decays ~—+—+m. +—+Km +v, X
an integer), Final-state bremsstrahlung photons were
generated for the electron and muon modes according to

TABLE II. The number of four-lepton events that were ob-
served in the data of the CELLO Collaboration (Ref. 35). The
theoretical expectation is based upon a modified version of a
Monte Carlo program by Berends, Daverveldt, and Kleiss (Ref.
36).

2
gllI„=
Sm'

2fPl
1/2

PPZ l1—
Mg

(20)

where ml is the lepton mass. The Higgs bosons are there-

Final state

eeee

eepp
pppp

Number of events

16
8
1

Theoretical expectation

15
10
0.7
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1.00
0.00
0.00
0.33

0.00
1.00
0.00
0.33

0.00
0.00
1.00
0.33

21.5
21.8
14.0
20.9

an approximate distribution.
The momentum and direction of each track were then

adjusted to account for the resolution of CELLO detec-
tor. The tracking efficiency and the particle identification
efficiencies of the CELLO detector were simulated ac-
cording to parametrizations that are given in Ref. 35.
The selection criteria that were used in Ref. 35 were then
applied to the simulated events. The two most significant
of these criteria were that no photons of energy larger
than 5%%uo of the beam energy were allowed in the region
of polar angle ~cos8~ (0.99, and that only three particles
were required to be identified.

The analysis was performed as follows: first, a hy-
pothesis was made for the branching ratios of the doubly
charged Higgs boson. Next, a Higgs-boson mass was
selected. The Monte Carlo simulation was then used to
calculate the number of events in each of the three
categories (eeee, ee pp, and pppp) that would be expected
for each beam energy and luminosity. The total number
of events in each category was then adjusted to account
for the vertex and trigger efficiencies that are reported in
Ref. 35. The assumed Higgs-boson mass was then incre-
mented and the procedure was repeated several times.
Finally, the information listed in Table II was used in a
standard Poisson statistical analysis to extract a 90%
confidence limit on M& for the given branching ratio hy-
pothesis.

Four branching ratio hypotheses were considered.
They are listed in Table III along with the corresponding
limits on M&. Note that there was sufficient leakage of
the y decay modes into the electron and muon channels
that it was possible to find a moderate mass limit in the
case that 100% of the Higgs-bosons decay into y final

TABLE III. The 90%%uo-confidence limit on Mz for several
branching-ratio hypotheses.

B(b~ee) B(happ) B(A—+~~) Limit on Mz (GeV)

states. This limit is shown as a horizontal line in Fig. 2.
Technically, the coupling constant g„ is displayed along
horizontal axis in this case. However, since we have im-
plicitly assumed that g„,g„„«g, the limit applies to
all three coupling constants.

V. CONCLUSIONS

We have considered the e6'ect of a doubly charged
Higgs boson on several processes. We find that the ex-
istence of such objects is excluded at a 90% confidence
level for Higgs-boson masses less than 14 GeV. If the
coupling constant g„ is larger than approximately 0.075,
the limit becomes more stringent. For a Higgs boson
that is strongly coupled to electrons (g„=&47r), the limit
increases to 1.25 TeV. If the coupling of the Higgs boson
to the charged leptons is nondiagonal in lepton Aavor, a
much more stringent limit applies.

We note that more sensitive searches for doubly
charged Higgs bosons can be performed at the current
generation of hadron colliders and Z factories. The cou-
pling of the Z to the left-handed Higgs boson is quite
large (the coupling of the Z to the right-handed Higgs
boson is much smaller). The signature of an event is
sufficiently spectacular that it can be identified quite easi-
ly, even in the difficult environment of a hadron collider.
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