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Signatures of doubly charged Higgs bosons ineg collisions
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We study the discovery potential for doubly charged Higgs bosons,D22, in the processe2g→e1m2m2 for
center of mass energies appropriate to high energye1e2 linear colliders and the CLIC proposal. ForMD

,Aseg discovery is likely for even relatively small values of the Yukawa coupling to leptons. However, even
far above threshold, evidence for theD can be seen due to contributions from virtual intermediateD ’s
although, in this case,m2m2 final states can only be produced in sufficient numbers for discovery for
relatively large values of the Yukawa couplings.
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I. INTRODUCTION

Doubly charged Higgs bosons arise in many extension
the standard model~SM!, typically as components o
SU(2)L triplet representations. Although the single Hig
doublet adopted to break the SM gauge symmetry is
simplest possibility for the Higgs sector, the real nature
the Higgs sector is unknown and many other cases are w
consideration. A simple extension, which arises naturally
supersymmetry, is to include two Higgs doublets. Beyo
this, the introduction of a Higgs triplet is one of the ne
logical possibilities for the Higgs sector. While in the conte
of the SM there is no specific motivation for the introducti
of a Higgs triplet there are several models which requir
Higgs triplet for symmetry breaking. Perhaps the best kno
model with this requirement is the left-right symmetr
model @1#. In this model the neutral scalar couplings to t
fermions may also give rise to the see-saw mechanism l
ing to naturally small neutrino masses@2#. Another example
of a model containing a Higgs triplet is the left-handed Hig
triplet model of Gelmini and Roncadelli@3#. One of the con-
sequences of a Higgs triplet with the appropriate quan
numbers is the existence of a doubly charged Higgs bo
the D22, which has a distinct experimental signature. A
though the introduction of a Higgs triplet can introduce ph
nomenological difficulties it turns out that they are not dif
cult to avoid. Thus, the discovery of aD22 would have
important implications for our understanding of the Hig
sector and more importantly, for what lies beyond the st
dard model.

There are a variety of processes sensitive to dou
charged Higgs bosons. Indirect constraints on masses
couplings have been obtained from lepton number violat
processes and muonium-antimuonium conversion exp
ments@4–7#. The most stringent limits come from that latt
measurement@8,4#. For flavor diagonal couplings these me
surements require that the ratio of the Yukawa couplingh,
and Higgs boson mass,MD , satisfyh/MD,0.44 TeV21 at
90% C.L. These bounds allow the existence of a low-m
doubly charged Higgs boson with a small coupling consta
These limits can be circumvented in certain models as a
sult of cancellations among additional diagrams arising fr
other new physics@9,10#. Thus, from this point of view, di-
rect limits are generally more robust.
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Search strategies for theD22 have been explored for th
Fermilab Tevatron and the CERN Large Hadron Collid
~LHC! @11,12#. At the Tevatron it is expected that the doub
charged Higgs boson can be detected via pair productio
its mass is less than;275 GeV while at the LHC the reac
extends to;850 GeV, in both cases assuming a BR to le
tons of 100%@11#. Signatures for theD22 have also been
explored for high energye1e2 colliders @13#. For the most
part, limits obtained ate1e2 colliders have relied onD22

pair production so the mass reach is limited toMD,As/2
although these can be exceeded by constraining t-channD
exchange in Bhabba scattering and singleD22 production.
Studies looking at doubly charged Higgs production ine2e2

colliders @9,13,14# find mass limits up toAs. There have
been a number of studies of singleD22 in eg @13,15–17#
collisions and alsoe1e2 and gg collisions where in the
latter cases the photon or electron is described using the
fective photon or effective fermion approximation respe
tively @15#. In the case ofeg collisions the kinematic limit is
;Aseg. The most recent calculation by Gregoreset al. @16#,
which most closely resembles the approach presented h
only included the Feynman diagrams with s-channel con
butions from theD22 and therefore restricted their study
resonanceD22 production. In effect they looked ate2e2

fusion where one of thee2’s is the beam electron and th
other arises from the equivalent particle approximation
an electron in the photon. In this approximation the auth
assume that the positron is lost down the beam.

In this paper we study signals for doubly charged Hig
bosons in the processe2g→e1m2m2 including all contri-
butions to thee1m2m2 final state. We assume the photon
produced by backscattering a laser from thee1 beam of an
e1e2 collider @18#. We considere1e2 center of mass ener
gies ofAs5500, 800, 1000, and 1500 GeV appropriate to t
DESY TeV Superconducting Linear Accelerator~TESLA!,
Next Linear Collider ~NLC!, and Japan Linear Collide
~JLC! @19–21# andAs53, 5, and 8 TeV appropriate to th
CERN Linear Collider~CLIC! proposal@22#. In all cases we
assume an integrated luminosity ofL5500 fb21. Our cal-
culation includes diagrams which would not contribute
on-shell production ofD22’s. Because the signature of sam
sign muon pairs in the final state is so distinctive and has
SM background, we find that the process can be sensitiv
©2002 The American Physical Society09-1
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STEPHEN GODFREY, PAT KALYNIAK, AND NIKOLAI ROMANENKO PHYSICAL REVIEW D 65 033009
virtual D22’s with masses in excess of the center of ma
energy, depending on the strength of the Yukawa couplin
leptons.

In the next section we give a short overview of som
models with doubly charged Higgs bosons and write do
the Lagrangian describing their couplings to leptons. We a
note some of the existing constraints on the relevant par
eters of these models. In Sec. III we describe our calculat
and present our results. We conclude in Sec. IV with so
final comments.

II. THE MODELS

In this section we give a brief description of the two mo
popular models with triplet Higgs bosons: The left-hand
Higgs triplet model~LHTM ! and the left-right symmetric
model~LRM!. We mention only those aspects of the mod
which are of particular relevance to the process under c
sideration here. This, of course, includes the form of
Yukawa coupling of the triplet Higgs boson to fermions a
we mention existing limits. We also consider the size of
possible vacuum expectation value of the neutral compon
of the triplet and include some discussion of the scalar m
spectrum of the models. All these parameters dictate wh
decay modes exist for the doubly charged Higgs boson a
consequently, its width. The process we consider is sens
to the width of theD when MD,Aseg. All our results are
applicable to both models.

The left-handed Higgs triplet model (LHTM)contains at
least one Higgs triplet with weak hyperchargeY52 which
has lepton number violating couplings to leptons but d
not couple to quarks. This triplet Higgs field was first intr
duced by Gelmini and Roncadelli@3# in order to give rise to
Majorana masses for left-handed neutrinos while preserv
SU(2)L gauge symmetry. The LHTM contains a Higgs tri
let field in addition to all SM matter particles and the usu
Higgs doublet. The minimal Higgs multiplet content of th
model is thus@23#

D5S D2/A2 D22

D0 2D2/A2
D , f5S f1

f0 D . ~1!

Here the neutral components of the triplet and doublet m
tiplets may get vacuum expectation values~VEVs!, denoted
as ^D0&5w/A2 and^f0&5v/A2, respectively.

Isotriplet contributions to the masses of the electrowe
bosons would result in ar-parameter,r5(112x2)/(1
14x2) wherex5w/v, in the LHTM which is less than unity
even at tree level. As a result, the VEV,w, of the triplet
Higgs boson is constrained to be small compared with
VEV v of the doublet. It is natural to be guided by the CER
e1e2 collider LEP II bound on ther parameter@24#. The
3s LEP II bound corresponds tow;15 GeV. Thus, we ex-
pect the value of the triplet’s VEV to be less than this and
may reasonably be set to zero; this is further justified be
based on neutrino mass arguments.

The physical scalar particle content of the model is
follows: doubly charged Higgs bosonD22, singly charged
Higgs bosonH2 which are a mixture of the triplet and dou
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blet components, and three neutral particles~two scalars and
one pseudoscalar!. The mixing in the neutral scalar sector
governed by the scalar potential, the most general form
which may be found in@23#.

The Higgs potential of Ref.@23# yields the following ap-
proximate relation between various scalar masses, vali
the limit w→0:

MD22
2

1MA
252•MH2

2 ~2!

whereMA is the pseudoscalar~pseudomajoron! mass. This
relation implies that masses of doubly and singly charg
Higgs particles should not differ too much~for reasonable
Higgs self-couplings!. This has implications regarding th
decay modes of theD22.

The triplet’s Yukawa coupling to lepton doublets is give
by

LYuk52 ihll 8C lL
T Cs2DC l 8L1H.c., ~3!

whereC is the charge conjugation matrix andC lL denotes
the left-handed lepton doublet with flavorl.

This interaction~3! provides Majorana masses for neut
nos (mn l

5A2hll w). The experimental upper bounds for th

individual neutrino masses aremne
;2.3 eV,mnm

;170 keV

and mnt
;18.2 MeV @25#. Stronger yet is the bound on th

sum over neutrino masses@26#

0.05, (
i 5e,m,t

mn i
,8.4 eV. ~4!

The values ofhll 8 andw should be consistent with thes
limits, implying that, for Yukawa couplings in the range w
are studying, the valuew should be of the order of the Ma
jorana mass for left-handed neutrinos. This reinforces
assumption to neglectw.

Of course, the left-handed chirality of the Higgs triplet
not something immutable. However, a reasonable the
with natural right-handed Higgs triplet requires extend
gauge symmetry.

The left-right symmetric model, based on the gauge sym
metry SU(2)L3SU(2)R3U(1)B2L , treats left-handed and
right-handed fermions symmetrically. That is, left-hand
fermion fields transform as doublets underSU(2)L and as
singlets underSU(2)R , while the reverse is true for right
handed fermions@1#. The fermionic sector contains, in add
tion to SM particles, a right-handed neutrino for each fam
The extension of the gauge symmetry also brings new~right-
handed! gauge bosonsWR andZR into the model.

The scalar sector of the LR model contains many m
degrees of freedom than in the SM. Rather than the stan
Higgs doublet, it includes a scalar bidoubletF in the repre-
sentation (2,2* ,0); F gives rise to fermion Dirac masses an
breaks the SM gauge symmetry toU(1)em. But, first, an-
other Higgs field with non-vanishingB2L is needed to
break the gauge groupSU(2)L3SU(2)R3U(1)B2L to the
SM gauge symmetry. If one also wants to generate Major
masses for the neutrino through the seesaw mechanis
triplet Higgs field DR , in the representation (1,3,2) is re
9-2
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FIG. 1. The Feynman diagrams contributin
to doubly charged Higgs boson production
e2g→e1m2m2.
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quired. Finally, for the case of explicitL↔R symmetry, the
corresponding left-handed triplet Higgs field should also
added:

DL5S DL
2/A2 DL

22

DL
0 2DL

2/A2
D 5~3,1,2! ~5!

For neutrino and gauge boson masses, the presence o
left-handed triplet Higgs boson is not essential. However,
will focus our attention on this representation. T
r-parameter constraints on a possible VEV for its neu
component,vL /A2, hold as described above.

The most general potential describing the self-interacti
of the scalar fields introduced above can be found in,
example Ref.@27#. There exist many phenomenologic
bounds on the parameters of this potential, only some
which are important here. In particular, the mass spectrum
the scalar sector is determined by the scalar potential.
important to note that the doubly charged Higgs triplets
main practically unmixed@28# under our assumption that th
VEV of DL is negligible. At the same time this assumptio
again leads to the relationship of Eq.~2! for DL

22 ,DL
2 ,DL

A ,
although their masses in the LR model are no longer prop
tional to vL . We will use these properties of the scalar ma
spectrum in our calculations.

The Yukawa interactions of the Higgs triplets with ferm
ons in the model read

2LYuk5 ihR,l l 8C lR
T Cs2DRC l 8R

1 ihL,l l 8C lL
T Cs2DLC l 8L1H.c., ~6!

where l ,l 8 are flavor indices. Along with the bidoublet’
Yukawa interactions, this yields the usual quark 333 mass
matrix and charged lepton masses, while for the neutrino
obtains a seesaw mass matrix. Of most relevance here i
constraint that left-handed neutrinos should be practic
massless. This restricts the vacuum expectation value,vL , of
the neutral member of the Higgs tripletDL to be small, as in
our discussion of the LHTM above. Thus, it is possible
drop the effects ofvL in our calculations.
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The product of Yukawa couplingsheehmm dictates the
magnitude of the process we consider here. Existing p
nomenological constraints onhll 8 are as follows@4–7#:

The rare decaysm→ēee @29,30# and m→eg @31# yield
very stringent restrictions on the non-diagonal couplin
hem :

hemhee,3.2310211 GeV22MD
2 ,

hemhmm,2310210 GeV22MD
2 . ~7!

Consequently, we choose to neglect all non-diagonal c
plings here.

From Bhabha scattering one obtains the following up
limit for hee @4#,

hee
2 ;9.731026 GeV22MD

2 . ~8!

The (g22)m measurement@32# provides an upper limit
for hmm ,

hmm
2 ;2.531025 GeV22MD

2 . ~9!

From muonium-antimuonium transition measureme
one finds the following bound, which is the most stringent
present@8,4,6,7#:

heehmm;231027 GeV22MD
2 . ~10!

The form of this bound, on the productheehmm , is directly
relevant to the process we consider here.

For the third generation Yukawa couplingshtt , hte and
htm there are no limits at present.

III. CALCULATIONS AND RESULTS

We are studying the sensitivity to doubly charged Hig
bosons in the processe2g→e1m2m2. The signal of like-
sign dimuons is distinct and SM background free, offeri
excellent potential forD22 discovery. The Feynman dia
grams describing the direct production of doubly charg
Higgs bosons are shown in Fig. 1a. Additionally, the no
resonant contributions of the Feynman diagrams of Fig.
9-3
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contribute to the distinctm2m2 signal whenMD.Aseg.
These non-resonant contributions play an important role
the reach that one can obtain for doubly charged Higgs bo
masses.

To calculate the cross section we must convolute
backscattered laser photon spectrum,f g/e(x), with the sub-
process cross section,ŝ(e2g→e1m2m2):

s5E dx fg/e~x,As/2! ŝ~e2g→e1m2m2!. ~11!

The backscattered photon spectrum is given in Ref.@18#.
Beyond a certain laser energye1e2 pairs are produced
which significantly degrades the photon beam. This lead
a maximumeg center of mass energy of;0.913As.

We calculated the subprocess cross section with two
ferent approaches as a cross-check of our results. In the
we obtained analytic expressions for the matrix elements
ing the CALKUL helicity amplitude method@33# and per-
formed the phase space integrals using Monte Carlo inte
tion techniques. This approach offers a nice check using
gauge invariance properties of the sum of the amplitudes
the expressions for the matrix elements are lengthy and
particularly illuminating we do not include them here. As
further check we compared our numerical results with th
obtained using the COMPHEP computer package@34#.

Because we are including contributions to the final st
that proceed via off-shellD22’s we must include the doubly
charged Higgs boson width in theD22 propagator. TheD
width, however, is dependent on the parameters of
model, which determine the size and relative importance
various decay modes. For example, whether the dec
D22→D2W2 andD22→D2D2 are allowed depends bot
on the model’s couplings and on the Higgs boson mass s
trum, the latter consideration determining whether the dec
are kinematically allowed. The decayD22→W2W2 is neg-
ligible under our assumption that the triplet’s VEV is sma
The details of the model therefore can lead to fairly lar
variations in the predicted width. To account for this possi
variation in widths without restricting ourselves to speci
scenarios we calculated the width using

G~D22!5Gb1G f ~12!

whereGb is the partial width to final state bosons andG f is
the partial width into final state fermions. We consider tw
scenarios for the bosonic width: a narrow width scena
with Gb51.5 GeV and a broad width scenario withGb510
GeV. These choices represent a reasonable range for va
values of the masses of the different Higgs bosons. The
tial width to final state fermions is given by

G~D22→l 2l 2!5
1

8p
hl l

2 MD . ~13!

Since we assumehee5hmm5htt[h, we have G f
533G(D22→l 2l 2). Many studies assume theD decay
is entirely into leptons; for small values of the Yukawa co
pling and relatively lowMD this leads to a width which is
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considerably more narrow than our assumptions for the p
tial width into bosons. Hence, we will also show some
sults for the caseG5G f , both in order to further illustrate
the width dependence and to better be able to show a
nection with other results.

A final note before proceeding to our results is that
only consider chiral couplings of theD to leptons. Our re-
sults here are all based on left-handed couplings. Howe
we also did the calculations for right-handed couplings. T
amplitude squared and hence the numerical results are i
tical in both cases. As a result, the discovery potential forDR

would be the same as that forDL , assuming one can mak
the same assumptions regarding parameters and mass
tra. This assumption may not be valid. We did not consi
the case of mixed chirality.

To obtain numerical results we take as the SM inp
sin2uW50.23124 anda51/128 @30#. Since we work only to
leading order inuMu2, there is some arbitrariness in what
use for the above input, in particular sin2uW.

We consider two possibilities for theD22 signal. In the
first case we impose that all three final state particles
observed and identified. This has the advantage that the e
can be fully reconstructed and as a check, the momen
must be balanced, at least in the transverse plane. In
second case, we assume that the positron is not obse
having been lost down the beam pipe. This case has
advantage that the cross section is enhanced due to d
gences in the limit of massless fermions. The disadvantag
that there will be some missing energy in the reaction so
it cannot be kinematically constrained which might lead
backgrounds where some particles in SM reactions are
down the beam. Although we expect these potential ba
grounds to be minimal, this issue needs to be studied wi
realistic detector simulation and should be kept in mind.

To take into account detector acceptance we restrict
angles of the observed particles relative to the beam,um ,ue1,
to the rangesucosuu<0.9. We further restrict the particle en
ergiesEm ,Ee1>10 GeV. This cut is rather conservative an
we have also obtained results with the looser cutEm ,Ee1

>2 GeV. The limits obtained are quite insensitive to th
variation in the value. We leave it to the experimentalists
optimize the specific value for this kinematic cut. We ha
assumed an identification efficiency for each of the detec
final state particles ofe50.9. Finally, we note that in prin-
ciple one could impose a maximum value on the muon
ergies so that the tracks are not so stiff that their cha
cannot be determined. Again, however, this depends on
tails of the detector and is best left for analysis by expe
mentalists in the context of a realistic detector simulation

In Fig. 2 we show the cross sections as a function ofAs
for the reactione2g→e1m2m2 for the two final state situ-
ations. Cross sections are shown forMD5400, 800, and
1200 GeV with the value of the Yukawa coupling taken a
bitrarily to be h50.1. TheD22 width is taken to beGD

510 GeV1G f . Figure 2a shows the cross section when
three final state particles are observed in the detector and
2b when the positron goes down the beam. Below theD
production threshold~i.e. MD.Aseg) the cross sections ar
9-4
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rather small with a steep rise at threshold followed by a s
decrease withAs. The cross section for the case when t
positron is lost down the beam is similar in shape althoug
factor of roughly 3 larger in magnitude.

The resonance structure can be seen by plotting the
variant mass distributions of the final state same-sign mu
This is shown in Fig. 3 forMD5200, 400, and 800 GeV fo
As5500 GeV for the broad width case whereGD

510 GeV1G f . For As above MD threshold theD reso-
nance is clearly seen. Below theD production threshold, the
cross section is much smaller. Thus ifAs were above pro-
duction threshold and if the doubly charged Higgs bos
had a large enough Yukawa coupling that it could be p
duced in quantity, it would be possible to measure its m
and width. The invariant mass distribution for the narro
width case is virtually identical except that the cross sect
on the resonance peak is larger. The distributions for the c
when the positron is lost down the beam are similar in sh
except for the low invariant mass region and the differen
cross sections are several times larger in magnitude.

FIG. 2. The cross section,s(e2g→e1m2m2) as a function of
Asee. In both cases the solid line is forMD5400 GeV, the dotted
line for MD5800 GeV and the dashed line forMD51200 GeV.
Figure~a! is for all three final state particles being detected and~b!
is when only them2m2 pairs are observed and the positron is lo
down the beam pipe.
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Although the cross sections below threshold are rat
small, the expected luminosities at futuree1e2 colliders are
expected to be quite high with integrated luminosities ove
few years equal to;500 fb21. Given that the signal for
doubly charged Higgs bosons is so distinctive and SM ba
ground free, discovery would be signalled by even one ev
Because the value of the cross section for the process
consider is rather sensitive to theD width, the potential for
discovery of theD is likewise sensitive to this model depen
dent parameter. In Fig. 4, we show the contour for observ
one event in the Yukawa coupling—doubly charged Hig
boson mass (h2MD) parameter space for the case of t
final state with only the two muons detected with the po

t

FIG. 3. The invariant mass distribution of the final state lik
sign muons in the processe2g→e1m2m2 for As5500 GeV. The
solid line is for MD5400 GeV, the dotted line forMD5800 GeV
and the dashed line forMD51200 GeV. All curves are forGD

5101G f .

FIG. 4. Discovery limits for doubly charged Higgs bosons a
function of the Yukawa coupling andMD with As5500 for differ-
entGD5Gb1G f scenarios. The dashed curve is forGb50, the dot-
ted curve forGb51.5 GeV ~the narrow width case!, and the dot-
dashed curve forGb510 GeV~the wide width case!. The limits are
based on observation of one event assuming an integrated lum
ity of L5500 fb21.
9-5
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tron lost down the beamline and forAs5500 GeV. The sen-
sitivity to G is demonstrated by showing discovery limits f
the three cases ofG5G f , 1.51G f , and 101G f GeV, where
the bosonic width of theD has been varied. Relative toGb
510 GeV, the case of zero bosonic width has a sensitivity
the Yukawa couplingh which is greater by a factor of abou
5. It should be noted in comparing our results to those
Gregoreset al. @16#, that they have not included the boson
width. This is quite typical for doubly charged Higgs bos
studies; however, as we show, the results are rather sens
to this parameter. Additionally, in Ref.@16#, they take an
overall efficiency factor of 0.9 while ours is a more cons
vative (0.9)2. ~Note also that the coupling of Ref.@16# is
related to ours byl5h/A2.! Taking into account this impor
tant width dependence and the fact that ours is a comp
calculation rather than an equivalent particle approximati
explains the difference between the results.

The general behavior of these sensitivity curves refle
the dependence of the cross section onMD . The cross sec-
tion, for the given kinematic cuts, starts out small and rise
a plateau before decreasing whenMD.As. The reduced
cross section for small values ofMD arises because for sma
MD the angular distribution is peaked near the beam dir
tion so that not all the final state particles are observed. T
effect can be alleviated with a smaller angular cut.

The 63%, 95%, and 99% probability for seeing one ev
corresponds to the average number of expected events o
and 4.6. In Fig. 5, we show these three contours in thh
2MD plane for two cases,As5500 GeV and 1500 GeV. In
each case, the results are shown for the three observed
ticle final state withG51.51G f GeV, the narrow width case
In the remaining figures, we present only the 95% proba
ity ~3 event! contours.

In Figs. 6 and 7 we show 95% probability contours a

FIG. 5. Discovery limits for doubly charged Higgs bosons a
function of the Yukawa coupling andMD for different discovery
probabilities. The dotted curves are based on 63% probability
responding to 1 expected event, the dashed curves are base
95% probability~3 events!, and the long-dashed curves are bas
on 99% probability~4.6 events!. The 3 curves on the left are fo
As5500 GeV and those on the right are forAs51500 GeV. In all
cases an integrated luminosity ofL5500 fb21 is assumed.
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a

function of the Yukawa coupling andMD . In each case, we
assume the narrow widthG51.51G f GeV case. Figure 6
corresponds to the center of mass energies considered
high energy lineare1e2 collider; As5500, 800, 1000, and
1500 GeV. In Fig. 6a, the results are for the case of th
observed particles in the final state, whereas Fig. 6b sh
the case where only the two muons are observed. Figu
corresponds to the energies being considered for the C
e1e2 collider; As53,5, and 8 TeV. Again, Figs. 7a and 7
show the results for the three body and two body final sta
respectively. In each case, forAs above theD production
threshold, the process is sensitive to the existence of
D22 with relatively small Yukawa couplings. Howeve
when theMD becomes too massive to be produced the val
of the Yukawa couplings which would allow discovery gro
larger slowly. We summarize the discovery potential lim
for the various scenarios in Table I forh50.1. In that table,
we present the 95% probability mass discovery limits for

a
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on

d

FIG. 6. Discovery limits for doubly charged Higgs bosons a
function of the Yukawa coupling andMD for center of mass ener
gies ofAs5500, 800, 1000, and 1500 GeV, appropriate to the L
The limits are based on 95% probability of discovery assuming
integrated luminosity ofL5500 fb21. Figure~a! is for the case of
all three final state particles being observed and~b! is the case of
only the two final state muons being observed.
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the collider energies which we have considered, for the c
of the narrow widthD; the limits for the broad width case fo
this value ofh are essentially the same.

IV. SUMMARY

Doubly charged Higgs bosons arise in one of the m
straightforward extensions of the standard model; the in

FIG. 7. Discovery limits for doubly charged Higgs bosons a
function of the Yukawa coupling andMD for center of mass ener
gies of As53, 5, and 8 TeV, appropriate to CLIC. The limits a
based on 95% probability of discovery assuming an integrated
minosity ofL5500 fb21. Figure~a! is for the case of all three fina
state particles being observed and~b! is the case of only the two
final state muons being observed.
03300
se

t
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duction of Higgs triplet representations. Their observat
would signal physics outside the current paradigm and p
haps point to what lies beyond the SM. As such, searches
doubly charged Higgs bosons should be part of the exp
mental program of any new high energy facility. In this pap
we studied the sensitivity ofeg collisions to doubly charged
Higgs bosons. We found that ifAseg.MD doubly charged
Higgs bosons could be discovered for even relatively sm
values of the Yukawa couplings;h.0.01. For larger values
of the Yukawa coupling theD should be produced in suffi
cient quantity to study its properties. For values ofMD

greater than the production threshold, discovery is still p
sible forMD greater thanAs because of the distinctive, back
ground free final state in the processeg→e1m2m2 which
can proceed via virtual contributions from intermediateD ’s.
Thus, even ane1e2 linear collider with modest energy ha
the potential to extendD search limits significantly highe
than can be achieved at the LHC.
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TABLE I. 95% probability mass discovery limits of doubl
charged Higgs bosons, given in TeV, ineg collisions. Results are
shown forAs5500, 800, 1000, 1500 GeV appropriate to the L
and As53, 5, and 8 TeV appropriate to CLIC. In all cases w
assume an integrated luminosity ofL5500 fb21. The cases shown
are fore1m2m2 detected and for thee1 lost down the beam for the
narrowD case with the representative Yukawa coupling ofh50.1.
Results for the broadD case are essentially the same.

As e1m2m2 observed m2m2 observed
~TeV! MD ~TeV! MD ~TeV!

0.5 0.54 0.71
0.8 0.78 0.98
1.0 0.95 1.15
1.5 1.38 1.57
3.0 2.72 2.83
5.0 4.51 4.58
8.0 7.21 7.30
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