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Bilepton production at hadron colliders
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We examine, as model-independently as possible, the production of bileptons at hadron colliders. When a
particular model is necessary or useful, we choose the 3-3-1 model. We consider a variety of processes:qq̄

→Y11Y22, ud̄→Y11Y2, ūd→Y1Y22, qq̄→Y11e2e2, qq̄→f11f22, ud̄→f11f2, and ūd
→f1f22, whereY andf are vector and scalar bileptons, respectively. Given the present low-energy con-
straints, we find that, at the Fermilab Tevatron, vector bileptons are unobservable, while light scalar bileptons
(Mf&300 GeV) are just barely observable. At the CERN LHC, the reach is extended considerably: vector
bileptons of massMY&1 TeV are observable, as are scalar bileptons of massMf&850 GeV.
@S0556-2821~99!05205-4#
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I. INTRODUCTION

All models of physics beyond the standard model~SM!
predict the existence of new particles. One of the more ex
of these is the bilepton@1#, a particle of lepton number 2
Bileptons occur in a variety of models of new physics. F
example, the gauge bosons ofSU(15) grand unified theories
@2# include vector bileptons, as do models with anSU(3)c

3SU(3)L3U(1) gauge symmetry~known as the 3-3-1
model! @3#. Scalar bileptons can be found in models with
extended Higgs sector such as left-right symmetric model
models in which Majorana neutrino masses are generate

Since bileptons couple to a pair of leptons, there are
nificant constraints on their masses and couplings from l
energy data@1#. The most stringent constraints on doub
charged scalar and vector bileptons come from searche
muonium-antimuonium conversion:ML.1.7– 3.3l TeV,
whereML is the mass of the bilepton, andl its coupling to
leptons. The constraints on singly charged bileptons are
to experimental limits onmR→enn andnm→ne oscillations,
and are slightly weaker:ML.1 – 2l TeV. Thus, for cou-
plings l;1, bileptons are generically constrained to hav
mass greater than;1 TeV.

There has been considerable work examining the p
pects for the detection of bileptons at future colliders. B
cause bileptons couple principally to leptons, it is only na
ral that this work has concentrated mainly on collide
involving at least one lepton beam@4#. However, bileptons
also couple to the photon andZ, and so could be produced a
hadron colliders. Curiously, the possibility of detecting b
leptons at future hadron colliders has been little studied
the literature. For a high-energypp collider, the production
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of the vector bileptons of the 3-3-1 model and the sca
bileptons in left-right symmetric models has been calcula
in Refs.@5# and@6#, respectively. But nobody has attempte
to perform a systematic study of bilepton production at h
ron colliders. This is the purpose of this paper.

It is clear from the start thate1e2 and e2e2 colliders
potentially have a great advantage over hadron colliders
detecting bileptons. High-energy Bhabha and Mo” ller scatter-
ing receive huge corrections from virtual bilepton exchan
If no deviation from the SM is seen, this will constrain th
mass of the bilepton to beML*50As l TeV @1#. In other
words, depending on the value of the couplingl, the reach of
e1e2 and e2e2 colliders for bilepton detection potentiall
extends far beyond their center-of-mass energies. On
other hand, it is equally evident that this reach depends
cially on the value of thel. The advantage of hadron collid
ers, in which bilepton production is due mainly to th
s-channel exchange of neutral gauge bosons, is that the c
section depends only on gauge couplings, so that the rea
independent of the couplingl. ~The same holds true for di
rect searches ine1e2 colliders.! Thus, even thoughe1e2

and e2e2 colliders are potentially better tools for bilepto
detection, it is still worthwhile to consider hadron collider

Ideally, the study of bilepton production at hadron colli
ers should be completely model-independent. Unfortunat
this is not possible. Consider the processqq̄→Y11Y22,
whereY11 is a doubly charged vector bilepton. If one ca
culates the cross section for this process using onlys-channel
g and Z exchange, one finds that the cross section gro
with the center-of-mass energy; i.e., unitarity is violate
This is not surprising. The vector bileptons are the gau
bosons of a larger gauge group, which necessarily contain
least one new neutralZ8 boson. It is only through the inclu
sion of thes-channelZ8 exchange that unitarity is restored1

r- 1This is completely analogous to what happens in the SM. Us
only photon exchange the cross section fore1e2→W1W2 violates
unitarity. Unitarity is restored when the contribution of the neut
gauge boson associated with theW—theZ—is also included in the
calculation.
©1999 The American Physical Society06-1



is
lc

w
w

le
ss
er
ing

b

ns
u
e
ot
ul

g
m

n
s

b

to
te

ls

ng
es

n
hi
.

ble
to
e

sim
e
o

to
e

le
x
i-

not
ni-

del
or

l.

del,
ec-
the

f

e.
ak-

ses.

ak

s
ggs

ol-
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Thus, for vector bilepton production at hadron colliders, it
necessary to choose a model in which to perform the ca
lation. In this paper we choose the 3-3-1 model@3#. Strictly
speaking, our results apply only to this model. However,
expect that the order of magnitude of the cross sections
hold in any model containing vector bileptons.

For scalar bileptons, one does not have the same prob
with unitarity violation. Thus, the calculations of the cro
sections for scalar bilepton production at hadron collid
can be performed without a knowledge of the underly
theory. That is, one can consider onlys-channelg and Z
exchange, which is indeed what we do. However, it must
remembered that any particular model may containZ8
bosons, which can affect the cross sections~especially if the
Z8 can be produced on shell!. In this sense, the cross sectio
for scalar bilepton production presented in this paper sho
be considered as lower bounds—in a given model, th
cross sections may be enhanced due to the exchange of
particles.~It is also conceivable that the cross sections co
be decreased, due to cancellations between theZ8 and g/Z
contributions. However, in general, this requires fine-tunin!

We discuss vector bilepton production at both the Fer
lab Tevatron and the CERN Large Hadron Collider~LHC! in
Sec. II. We consider the production of two real bilepto
(qq̄→YȲ), as well as the case where one of the bilepton
virtual (qq̄→Yee). In Sec. III we turn to scalar bilepton
production. We conclude in Sec. IV.

II. VECTOR BILEPTONS

The basic process describing the production of vector
leptons at hadron colliders isqq̄→Y11Y22, whereY11 is
a doubly charged vector bilepton. Ideally we would like
study this process model-independently. So, as a first s
we compute the cross section based on thes-channel ex-
change of theg andZ only. However, the calculation revea
that this cross section grows ass, whereAs is the center-of-
mass energy. This signals a violation of unitarity, indicati
that there are other important contributions to this proc
which have not been taken into account.

But it is clear what is happening here. Vector bilepto
are the gauge bosons of some larger gauge group, w
must necessarily include new neutralZ8 gauge bosons
TheseZ8 bosons will also contribute toqq̄→Y11Y22, and
their inclusion must restore unitarity. Thus, it is not possi
to perform a model-independent study of vector bilep
production at hadron colliders. It is necessary to choos
particular model, so as to be able to include theZ8 ~and
possibly other! contributions which restore unitarity.

For computational purposes, we therefore choose the
plest extension of the SM which contains bileptons, nam
the model in which theSU(2)L gauge group is expanded t
SU(3)L , giving anSU(3)c3SU(3)L3U(1) gauge symme-
try ~the 3-3-1 model! @3#. Within the minimal 3-3-1 model,
the calculation of the cross section for double vector-bilep
production at hadron colliders has been performed in R
@5#. In order to be as general as possible, we consider bi
ton production in the nonminimal 3-3-1 model. We also e
amine the possibility of the single production of vector b
07500
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leptons. Note that, although these calculations are clearly
model-independent, we do expect that the order of mag
tude of the cross sections will be the same in any mo
containing vector bileptons. After all, any model with vect
bileptons will have the same types of contributions toqq̄
→Y11Y22 as one finds in the the 3-3-1 model.

We begin this section with a review of the 3-3-1 mode

A. 3-3-1 model

We present here the main features of the 3-3-1 mo
concentrating principally on those ingredients which are n
essary for our calculation. For more details, we refer
reader to Ref.@7#.

In the 3-3-1 model, the gauge group isSU(3)c
3SU(3)L3U(1)X , in which the coupling constants o
SU(3)L andU(1)X are denotedg andgX , respectively. The
group SU(3)L3U(1)X is broken toSU(2)L3U(1)Y when
an SU(3)L-triplet scalar gets a vacuum expectation valu
The matching of the gauge coupling constants at this bre
ing scale yields the relation

gX
2

g2 5
6 sin2 uw

124 sin2 uw
. ~1!

When SU(3)L3U(1)X is broken toSU(2)L3U(1)Y ,
there are five exotic gauge bosons which acquire mas
They are the doubly and singly charged bileptonsY11, Y1

and their antiparticles, along with a new neutralZ8 gauge
boson. When the minimal Higgs structure is used to bre
the symmetry, there is a relation between the masses:

MY

MZ8
5

A3~124 sin2 uw!

2 cosuw
, ~2!

where MY1.MY11[MY . In this paper, in order to be a
general as possible, we do not assume the minimal Hi
structure. Hence we allowMY and MZ8 to vary indepen-
dently of one another.

The fermions transform under the 3-3-1 symmetry as f
lows:

c1,2,35S e
ne

ec
D ,S m

nm

mc
D ,S t

nt

tc
D :~1,3* ,0!,

Q1,25S u
d

D1

D ,S c
s

D2

D :S 3,3,2
1

3D ,

Q35S t
b
T
D :S 3,3* ,

2

3D ,

dc,sc,bc:S 3* ,1,
1

3D ,

uc,cc,tc:S 3* ,1,2
2

3D ,
6-2
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D1
c ,D2

c :S 3* ,1,
4

3D ,

Tc:S 3* ,1,2
5

3D . ~3!

In this model there are three new, exotic quarks of cha
2 4

3 (D1,2) and 5
3 (T). Here anomaly cancellation takes pla

among all three generations, in contrast to the SM, where
anomalies are cancelled within each generation.

We write the Feynman rules for the couplings of the ne
tral gauge bosons and the fermions as

igFcN
f L gm

12g5

2
1cN

f R gm
11g5

2 G , ~4!

whereN5g,Z,Z8. The couplings of the photon andZ to the
fermions are as in the SM, while those of theZ8 are

c
Z8

f L,R5
1

2) cosuwA124 sin2 uw

d
Z8

f L,R , ~5!

where thed
Z8

f L,R are given in Table I.
We now turn to the trilinear gauge-boson vertices. T

Feynman rule for theN-Y11-Y22 vertex ~see Fig. 1! is

ig cN
Y@gmn~k2p!a1gna~q2k!m1gam~p2q!n#, ~6!

where

cg
Y52 sinuw , cZ

Y5
124 sin2 uw

2 cosuw
,

TABLE I. Values of thed
Z8

f L and d
Z8

f R parameters which define
the Z8 couplings to fermions.

d
Z8

f L d
Z8

f R

u,c 2(122 sin2 uw) 14 sin2 uw

d,s 2(122 sin2 uw) 22 sin2 uw

l 2 1(124 sin2 uw) 12(124 sin2 uw)
n l 1(124 sin2 uw)
t 11 14 sin2 uw

b 11 22 sin2 uw

D1 ,D2 12(125 sin2 uw) 28 sin2 uw

T 22(126 sin2 uw) 110 sin2 uw

FIG. 1. Momentum and Lorentz-index assignments for
N-Y11-Y22 vertex @Eq. ~6!#.
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cZ8
Y

52
)

2
A123 tan2 uw. ~7!

Finally, the data on muonium-antimuonium conversi
constrain doubly charged vector bileptons to satisfyMY

.1.7l TeV @1#, wherel is the bilepton coupling to leptons
In the 3-3-1 model, we havel5g/&, which implies that the
lower limit on the vector bilepton mass isMY.740 GeV.
For singly charged vector bileptons, the limits onmR→enn
yield MY.440 GeV.

As for theZ8, its couplings to quarks are enhanced re
tive to its couplings to leptons. Thus, limits on the mass
the Z8 come mainly from low-energy experiments such
neutrino-quark scattering and atomic parity violation. The
constrainMZ8*550 GeV@7#.

With this information we can now proceed to the calc
lation of the cross sections for the production of bilepton

B. qq̄˜Y11Y22

The processdd̄→Y11Y22 receives contributions from
s-channelg, Z andZ8 exchange~see Fig. 2!. The amplitude-
squared is

1

4 (
spins

uMu2

5 (
N,N8

1

2

g4 cN
Y cN8

Y
~cN

dL c
N8

dL 1cN
dR c

N8

dR!

~ ŝ2MN
2 1 iGNMN!~ ŝ2MN8

2
2 iGN8MN8!

3F S 26MY
2 ŝ1

ŝ4

8MY
4 D ~12cos2 u!

1
ŝ3

MY
2 ~11cos2 u!2

9

2
ŝ2S 11

7

9
cos2 u D G , ~8!

whereN,N85g,Z,Z8, andŝ is the center-of-mass energy o
theqq̄ system~not to be confused withs, the center-of-mass
energy of the collider!. It is straightforward to verify that this
expression does not violate unitarity. In the limit asAŝ
→`, MN andGN are negligible. But in this limit the cross
section vanishes since(NcN

YcN
dL,R50. Thus we see that, a

expected, the inclusion of the new contributions~in this case
a Z8! restores unitarity.

e

FIG. 2. Feynman diagrams contributing toqq̄→Y11Y22 in the
3-3-1 model.
6-3
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One quantity which appears in the above expression,
which we have not yet discussed, isGZ8 . TheZ8 may decay
to the exotic quarksDi andT, depending on their mass. A
in Ref. @5#, we assume thatmQ5600 GeV (Q5Di ,T). Fur-
thermore, theZ8 may decay to the light scalars of the Higg
sector. But since we are considering a general nonmini
3-3-1 model, we have not specified the Higgs sector. In
minimal model, the partial width of theZ8 into light scalars
is roughly 10% of its width into the light SM quarks. Fo
simplicity, here we assume that even with a nonminim
a
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Higgs sector the partial width into scalars is the same a
the minimal model. Note that this assumption does not h
strong consequences—the cross sections do not de
much on this partial width.

The processuū→Y11Y22 is a bit more complicated. In
addition to thes-channelg, Z andZ8 contributions, there is
a diagram in which aD1 quark is exchanged in thet-channel
~see Fig. 2!. We denote these two amplitude types asM1
andM2 , respectively. The amplitude-squared is then
sum of the following three terms:
1

4 (
spins

uM 1u25 (
N,N8

1

2

g4 cN
Y cN8

Y
~cN

uL c
N8

uL 1cN
uR c

N8

uR!

~ ŝ2MN
2 1 iGNMN!~ ŝ2MN8

2
2 iGN8MN8!

F S 26MY
2 ŝ1

ŝ4

8MY
4 D ~12cos2 u!

1
ŝ3

MY
2 ~11cos2 u!2

9

2
ŝ2S 11

7

9
cos2 u D G , ~9!

1

4
(
spins

uM 2u25
g4

16

1

~ t̂2MD
2 !2

H 2 ŝ~125 cos2 u!MY
22 ŝ2S 7

4
1

21

4
cos2 u1cos4 u D 1

ŝ3

2MY
2 ~11cos2 u!2

1
ŝ4

16MY
4 ~12cos4 u!2 ŝ2b~3 cosu1cos3 u!1

ŝ3

4MY
2

b~5 cosu13 cos3 u!1
ŝ4

8MY
4

b cosu sin2 uJ , ~10!

and

1

4
(
spins
M1M2* 1H.c.5(

N
g4

cN
Y cN

uL ~ ŝ2MN
2 !

@~ ŝ2MN
2 !21~GNMN!2#~ t̂2MD

2 !
H 2

3

2
ŝMY

2 sin2 u2
ŝ2

8
~917 cos2 u!1

ŝ3

4MY
2 ~11cos2 u!

2
1

4
ŝ2b cosu~31cos2 u!1

ŝ4

32MY
4

sin2 u1
ŝ3

16MY
2

b~5 cosu13 cos3 u!1
ŝ4

32MY
4

b cosu sin2 uJ ,

~11!
fig-

pb
e

,

n
e

ro-

f

ass
that,

the
whereb[A124MY
2/ ŝ.

We obtain the cross section for bilepton production
hadron colliders by convoluting the above expressions w
the CTEQ3M structure functions@8#. We consider both the
Tevatron (As51.8 TeV) and the LHC (As514 TeV). The
present luminosity at the Tevatron is 100 pb21/yr ~run 1!, and
this is expected to be increased to at least 2 fb21/yr in 2002
~run 2!.2 The design luminosity at the LHC is 10 fb21/yr.
Since we have not included a rapidity cut on the produ

2Strictly speaking, run 2 involves not only a luminosity increa
but also an increase in energy from 1.8 TeV to 2.0 TeV. For s
plicity, in the figures we continue to takeAs51.8 TeV at the Teva-
tron for both runs. However, we have also performed the calc
tions for 2.0 TeV. Although the cross sections are increased b
factor of 1.5 to 2, this does not affect our conclusions significan
For the various processes, we indicate in the text the effect
usingAs52.0 TeV instead of 1.8 TeV for run 2.
t
h

d

particles taken into account the detection efficiency, as a
ure of merit we therefore~conservatively! require 25 events
for discovery. This corresponds to a cross section of 0.25
~run 1! or 12.5 fb~run 2! at the Tevatron, and 2.5 fb at th
LHC.

The results forY11Y22 production are shown in Fig. 3
where the cross sections are plotted as a function ofMY for
variousZ8 masses.@In Ref. @5#, the production cross sectio
is calculated within the minimal 3-3-1 model, in which th
condition of Eq.~2! betweenMY andMZ8 is assumed. When
we impose this condition, we find that we do indeed rep
duce the results of Ref.@5#.# For the Tevatron~run 1!, we see
that only bileptons of massMY&250 GeV are observable i
MZ8>600 GeV. This increases modestly toMY&320 GeV
in run 2~for As52 TeV, this upper limit becomes 360 GeV!.
However, as explained above, in all cases this bilepton m
range has already been ruled out. We therefore conclude
given the present constraints onMY from low-energy data,
vector bileptons cannot be observed at experiments at
Tevatron.

,
-

-
a
.
of
6-4
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FIG. 3. Cross sections forY11Y22, Y11Y2 andY22Y1 production at the Tevatron (As51.8 TeV) and at the LHC (As514 TeV) as
a function ofMY , for various values ofMZ8 . The horizontal lines indicate the cross sections required for discovery: 0.25 pb~Tevatron, run
1!, 12.5 fb ~Tevatron, run 2!, and 2.5 fb~LHC!.
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At the LHC, on the other hand, bileptons of massMY
&1 TeV are observable. Since the vector bilepton mas
presently constrained to beMY.740 GeV, this means tha
there is a window of observability.

It is instructive to separate out the contribution of an o
shellZ8 to the vector bilepton production cross section fro
that of theg andZ. In Fig. 4, for various values ofMZ8 , we
present the cross section forpp→Y11Y22 at the LHC due
to the realZ8 alone. By comparing Figs. 3 and 4, we can s
for which values ofMZ8 the on-shellZ8 dominates the pro-
cess and for which values it is negligible.

FIG. 4. RealZ8 contribution toY11Y22 production at the LHC
(As514 TeV) as a function ofMY , for various values ofMZ8 . The
horizontal line indicates the cross section required for discov
2.5 fb.
07500
is

-

e

In particular, we note that realZ8 exchange is dominan
only for MZ8&1.0 TeV. Thus, for such values ofMZ8 , the
production of bileptons of massMY&500 GeV is due prin-
cipally to the exchange of an on-shellZ8. On the other hand
the real Z8 contribution is basically negligible forMZ8
*1.8 TeV, so that bileptons of massMY*900 GeV are
produced mainly via g or Z exchange. For
1.0 TeV&MZ8&1.8 TeV, theZ8 and g,Z contributions are
similar in size.

We can therefore conclude that, for the entire range ofMY
for which bileptons are observable at the LHC, name
740 GeV<MY&1 TeV, the cross section is never dominat
by the exchange of an on-shellZ8. Indeed, theg- and
Z-exchange contributions dominate the cross section for
larger values ofMY . Thus, although we have performed th
calculations within the 3-3-1 model, the details of this mod
are largely unimportant to the conclusions. In other wor
the result that vector bileptons of massMY&1 TeV are ob-
servable at the LHC is basically model-independent.

The production of two doubly charged bileptons will r
sult in an unmistakable signature. Each of the bileptons w
decay to two same-sign leptons, not necessarily of the s
flavor, leading to anl 1

1l 1
1l 2

2l 2
2 signal, in which each pair of

same-sign leptons has the same invariant mass. The
background to this process is tiny. Should bileptons be p
duced at the LHC, there should be no difficulty in detecti
them.

C. ud̄˜Y11Y2, ūd˜Y1Y22

In the previous subsection, we noted that the processqq̄
→Y11Y22, in which the bileptons decay tol 1

1l 1
1l 2

2l 2
2 , has

virtually no SM background. In fact, even if a single doub
charged bilepton were produced in a reaction, there would
little background, since no SM process will give two sam

y:
6-5
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FIG. 5. Z8 contribution toY11e2e2 production at the Tevatron (As51.8 TeV) and at the LHC (As514 TeV) as a function ofMY , for
various values ofMZ8 . The horizontal line indicates the cross section required for discovery at the LHC: 2.5 fb. The process is unobs
at the Tevatron.
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sign leptons whose invariant mass has a peak at the bile
mass. Thus, it is also of interest to examine processe
which one doubly charged bilepton is produced. We the
fore consider the reactionsud̄→Y11Y2 and ūd→Y1Y22

@9#.
The process ud̄→Y11Y2 is quite similar to uū

→Y11Y22. Indeed, the amplitude-squared forud̄
→Y11Y2 is given by the expressions in Eqs.~9!–~11!, with
the following changes:~i! there is only 1s-channel diagram,
with an internalW, instead of 3s-channel diagrams (N,N8
5g,Z,Z8), ~ii ! cN

uL→cW51/&, ~iii ! cN
uR→0, ~iv! cN

Y→cW
Y

51/&. The amplitude forūd→Y1Y22 is identical.
The cross sections forY11Y2 andY22Y1 production at

hadron colliders are shown in Fig. 3, in which we assu
thatMY15MY11[MY . At the Tevatron, which is app̄ col-
lider, these two cross sections are equal. However, even
the increased luminosity~and slight increase in energy! of
run 2, these processes are unobservable. At the LHC,
cross sections for these two final states are not equal s
the LHC is app collider, and hence has moreu-quarks than
d-quarks, thus favoring theY11Y2 final state. The pro-
cessesud̄→Y11Y2 and ūd→Y1Y22 are observable for
MY&900 GeV andMY&660 GeV, respectively. Given th
low-energy constraint ofMY.740 GeV, this implies that
there is a small window of observability at the LHC fo
Y11Y2 production.

D. qq̄˜Yee

The final process involving vector bileptons that we co
sider is the reactionqq̄→Y11e2e2, in which thee2e2 pair
comes from a virtual bilepton. The advantage of this proc
overqq̄→Y11Y22 is clear: it is energetically easier to pro
duce one real bilepton than two. However, there is als
hefty price to pay—the amplitude involves an addition
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gauge coupling, and one has to consider 3-body final-s
phase space instead of 2-body phase space. The only
ceivable way to offset this is if the process is dominated
the decay of a realZ8, with MY.MZ8/2. ~Of course, if
MY,MZ8/2, then pair production of vector bileptons wi
dominate.! The Z8 contribution to the cross section for th
process involves a factor

1

~ ŝ2MZ8
2

!21~MZ8GZ8!
2 .

In this case, forŝ5MZ8
2 , it is perhaps possible that the en

hancement due to the on-shellZ8 might compensate for the
above suppressions. This is what we investigate here.

We therefore calculate the cross section forqq̄
→Y11e2e2, mediated solely by an on-shellZ8. The results
are shown in Fig. 5. It is clear that the reactionqq̄
→Y11e2e2 is completely unobservable at the Tevatron.
the LHC, depending on the value ofMZ8 , this process is
observable forMY&380 GeV. However, this range of bilep
ton masses has already been ruled out. And even if s
masses were still allowed, the cross section forqq̄
→Y11Y22 due only to intermediateg and Z exchange is
still roughly two orders of magnitude larger. Thus, this pr
cess cannot be used to discover the bileptons of the 3
model.

The problem here is that theZ8 in the 3-3-1 model is a
relatively broad resonance. For example, the width of a
TeV Z8 is about 200 GeV. Thus, the hoped-for enhancem
due to an on-shellZ8 is fairly minimal. However, in a mode
in which theZ8 is quite narrow, sayGZ8;1022MZ8 , then
the enhancement factor could be substantial, and could
overcome the suppressions mentioned above. Indeed, in
6-6
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BILEPTON PRODUCTION AT HADRON COLLIDERS PHYSICAL REVIEW D59 075006
a model, bileptons would be more easily discovered viaqq̄
→Z8→Y11e2e2 than viaqq̄→g,Z→Y11Y22. Thus, we
conclude that, although the processqq̄→Y11e2e2 is of
little interest within the 3-3-1 model, it might be important
other models containing bileptons. It is therefore worthwh
to search for signals of such a process.

III. SCALAR BILEPTONS

In this section we consider the production of scalar bile
tonsf at hadron colliders. In contrast to vector bileptons
one computes the cross section forqq̄→f11f22 including
only thes-channel contributions from theg andZ, one finds
that unitarity is not violated. Thus, it is not necessary
perform the calculations for scalar bilepton producti
within a particular model.

However, in a given model, there may be new, exo
contributions to processes such asqq̄→f11f22, such as
the exchange of aZ8. In fact, as we will see, if one include
these additional contributions, the cross section for sc
bilepton production may be significantly increased relative
the case where onlyg andZ exchange are considered.

Thus, if one wants to study scalar bilepton production
hadron colliders, it is useful to examine both scenarios.
the following subsections we therefore consider two sit
tions concerning the processqq̄→f11f22: ~i! only the
SM g andZ contributions are present, and~ii ! there are ad-
ditional, exotic contributions. For this latter possibility, w
must choose a particular model in which to perform the c
culation. As before, in this case we opt for the 3-3-1 mod

We also consider the processesud̄→f11f2 and ūd
→f22f1, in which a single doubly charged scalar bilept
is produced.

Similar to the case of vector bileptons, the data
muonium-antimuonium conversion constrain doubly charg
scalar bileptons to satisfyMf.2 – 3.3l TeV @1#. However,
there is an important difference between vector and sc
bileptons. For vector bileptons, the couplingl is a gauge
coupling, and is specified within a particular model. But f
scalar bileptons,l is the ~unspecified! Yukawa coupling of
the bilepton to leptons. In the processes considered be
the couplingl does not appear, and hence can be taken to
as small as desired. Thus, although we takeMf.200 GeV,
the only real~l-independent! constraint on the mass of th
scalar bilepton comes from experiments at the CERNe1e2

collider LEP, namely that it must be greater thanMZ/2.

A. qq̄˜f11f22

The processqq̄→f11f22 is mediated principally by
the exchange of a neutral gauge bosonN ~N5g,Z and pos-
sibly Z8!. ~In a particular model, there may also be contrib
tions from exotic quarks in thet-channel, which depend o
the Yukawa couplingl. But since we are assuming that th
coupling is small, we can ignore these contributions.! The
amplitude-squared for this process is
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5 (
N,N8

1

4

g4 cN
f cN8

f
~cN

qL c
N8

qL 1cN
qR c

N8

qR!

~ ŝ2MN
2 1 iGNMN!~ ŝ2MN8

2
2 iGN8MN8!

3 ŝ2b2 sin2 u, ~12!

where

cg
f5Q sinuw ,

cZ
f5

1

cosuw
~ I 32Q sin2 uw!. ~13!

In the above, the scalar dilepton chargeQ can be12 or 22,
and its weak isospinI 3 can in principle take any integer o
half-integer value. In the 3-3-1 model, there is also a con
bution from ans-channelZ8:

cZ8
f

5
1

cosuw
F2

A124 sin2 uw

2)
Y1

12sin2 uw

)A124 sin2 uw

XG ,

~14!

whereY52(Q2I 3) is the ordinary SM hypercharge, andX
is theU(1)X charge.

Since the scalar bileptons are defined only by their qu
tum numbersQ, I 3 and possiblyX, there are an infinite
number of possible cases one can consider. The mini
3-3-1 model contains 2 bileptons:~i! h1

11 , which hasQ5

12, I 3511, Y512 andX50, and ~ii ! h2
22 , which has

Q522, I 350, Y524 and X50. For simplicity, in this
paper we focus on theh1 ~the results for theh2 are quite
similar!.

In Fig. 6 we show the cross sections forh1
11h1

22 pro-
duction at the Tevatron and LHC. We consider the ca
where only the SMg and Z contribute, as well as the cas
where there is an additionalZ8 contribution. It is clear from
this figure that the effect of theZ8 can be considerable. De
pending on its mass, the cross section can be increased b
to two orders of magnitude.~Similar behavior was found in
Ref. @6#, where the production at high-energy colliders of t
scalar bilepton of the left-right symmetric model was stu
ied.!

Even with such an enhancement, this process is obs
able at the Tevatron only if the particles are light:MZ8
&600 GeV andMf&300 GeV are required to obtain an ob
servable signal.~This holds for bothAs51.8 and 2.0 TeV.!
Since the Z8 is already constrained to satisfyMZ8
.550 GeV, this does not leave much room. On the ot
hand, h1

11h1
22 production is observable at the LHC fo

larger masses. But the reach inMf depends strongly on
whether aZ8 is present and, if so, what the value of its ma
is. If there is noZ8, then such scalar bileptons can be o
served forMf&375 GeV. If aZ8 is present, then this reac
increases to 800–850 GeV.
6-7
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FIG. 6. Cross sections forf11f22 production (f5h1) at the Tevatron (As51.8 TeV) and at the LHC (As514 TeV) as a function of
Mf , for various values ofMZ8 . The horizontal lines indicate the cross sections required for discovery: 0.25 pb~Tevatron, run 1!, 12.5 fb
~Tevatron, run 2!, and 2.5 fb~LHC!.
ac
p
n
f
e

he
n

de
s

o-
e
o
o

C
b

ly

r t

ly

be
is

ilep-
, for

ifi-

by
can

re

tive

as
not
Of course, these results apply specifically to theh1
11 bi-

lepton. For a different given bilepton, the observational re
will depend on its quantum numbers. In particular, for bile
tons other than theh1

11 it is conceivable that this reach ca
extend to higher masses. Still, the results we have found
the h1

11 give one a feel for the order of magnitude of th
reach that one can expect for generic scalar bileptons.

We therefore conclude that the processqq̄→f11f22 is
observable at the Tevatron only if thef11 is light and if the
mass of theZ8 lies just above its present bound. For t
LHC, if only the g and Z contribute to this process, the
bileptons are observable ifMf&400 GeV. And if the contri-
butions from non-SM particles such asZ8 bosons are signifi-
cant, then this limit may be pushed up toMf&1 TeV.

We must also reiterate that these results are indepen
of l, the Yukawa coupling of the scalar bilepton to lepton
This is in contrast to Bhabha and Mo” ller scattering ate1e2

ande2e2 colliders. Although these lepton colliders are p
tentially sensitive to much larger scalar bilepton mass
their reach depends directly on the value of the Yukawa c
pling. If this coupling is too small, then there will be n
measurable effect ine1e2 ande2e2 colliders, but the pro-
cessqq̄→f11f22 will still be observable.~Of course, the
processe1e2→f11f22, which is also independent ofl,
may be possible, depending onMf and As.! Thus, if the
Yukawa coupling is small, a hadron collider such as the LH
may in fact be the optimal machine for detecting scalar
leptons.

B. ud̄˜f11f2, ūd˜f1f22

We also consider the production of a single doub
charged scalar dilepton viaud̄→f11f2 or ūd→f1f22.
These processes are mediated by the exchange of aW in the
s-channel. As in the vector case, this process is simila
07500
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qq̄→f11f22, assuming that the masses of the sing
charged and doubly charged dileptons are equal.~As a result
of constraints from ther-parameter, these masses cannot
too different.! The amplitude-squared of these processes
the same as Eq.~12!, with the following changes:~i! qq̄

becomesud̄, ~ii ! cN
qL→1/&, ~iii ! cN

qR→0, ~iv! cN
f→cW

f .

Therefore, for the processud̄→f11f2 or ūd→f1f22,
we have

1

4 (
spins

uMu25
1

8

g4 ~cW
f !2

~ ŝ2MW
2 !21~GWMW!2 ŝ2b2 sin2 u.

~15!

The quantitycW
f parametrizes theW2-f11-f2 coupling.

Its value depends on the representation that the scalar d
tons are in, as well as how they are defined. For example
an ordinary SU(2)L-doublet, cW

f 51/&. In the minimal
3-3-1 model, only theh1

11 couples to theW, with cW
f 51.

In Fig. 7 we present the cross sections forf11f2 and
f1f22 production at the Tevatron and at the LHC. Spec
cally, we consider f115h1

11 . @The case of an
SU(2)L-doublet, or indeed any otherSU(2)L representation,
can be obtained by simply scaling the results of Fig. 7
(cW

f )2.# This process is unobservable at the Tevatron, but
be observed at the LHC for scalar bilepton massesMf
&400 GeV (f1f22) or Mf&500 GeV (f11f2).

It is also conceivable that, in a particular model, the
might be new, exotic contributions toqq̄→f11f2. If these
include the exchange of an on-shell particle in thes-channel,
then the cross section may be significantly enhanced rela
to the results of Fig. 7. As we saw in the case ofqq̄
→f11f22, this enhancement may be large, perhaps
much as several orders of magnitude. Although this does
happen in the 3-3-1 model forqq̄→f11f2, it may occur in
other models. So this possibility should be kept in mind.
6-8
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FIG. 7. Cross sections forf11f2 and f1f22 production (f115h1
11) at the Tevatron (As51.8 TeV) and at the LHC (As

514 TeV) as a function ofMf . The horizontal line indicates the cross section required for discovery at the LHC: 2.5 fb. The proc
unobservable at the Tevatron.
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IV. CONCLUSIONS

We have investigated the production of vector and sc
bileptons at hadron colliders. Although we would have lik
to perform this analysis in a model-independent way, this
unfortunately not possible. To see this, consider, for
ample, the processqq̄→Y11Y22, whereY11 is a vector
bilepton. If one considers only the SM contributions~g and
Z exchange! to this process, one finds that the cross sect
violates unitarity. In order to avoid unitarity violation, it i
therefore necessary that the calculations for vector bilep
production be performed within a specific model.

We have chosen the 3-3-1 model. In this model unita
is restored by the inclusion of additional contributions
qq̄→Y11Y22: s-channelZ8 exchange andt-channel exotic
D-quark exchange. Although, strictly speaking, all our
sults are model-dependent, we do expect the cross sectio
take similar~order-of-magnitude! values in most models. In
deed, for certain values of theZ8 andY masses, we find tha
some processes are in fact dominated by the SM contr
tions. The results for these processes are thus essen
model-independent.

Processes involving scalar bileptonsf11, such asqq̄
→f11f22, do not suffer from unitarity violation; so it is
not necessary to use a particular model. However, in a g
model, there may be new, exotic contributions to scalar
lepton production which may significantly increase the cr
sections. It is therefore useful to calculate the cross sect
for scalar bilepton production within a chosen model, as w
as using only the SM~g, Z! contributions. For the model
dependent calculations, we have again used the 3-3-1 m
focussing on one of its bileptons, theh1

11 .
There are constraints on bileptons from low-energy

periments. The data on muonium-antimuonium convers
imply a lower limit on the mass of the doubly charged vec
bileptons of the 3-3-1 model:MY.740 GeV. For singly
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charged vector bileptons, constraints frommR→enn yield a
somewhat weaker limit:MY.440 GeV. For scalar bileptons
the data on muonium-antimuonium conversion requireMf

.(2 – 3.3)l TeV, wherel is the Yukawa coupling of the
bilepton to leptons. Butl is unknown, and can be taken a
small as desired. Thus, the only real constraint on the sc
bilepton mass isMf.MZ/2.

We have examined a variety of processes in which one
two doubly charged bileptons are produced at a hadron
lider. We considered both the Tevatron (As51.8 TeV) and
the LHC (As514 TeV). In all cases, as a figure of merit, w
required 25 events for observability. This corresponds t
cross section of 0.25 pb~Tevatron, run 1!, 12.5 fb~Tevatron,
run 2!, or 2.5 fb~LHC!. ~Even withAs52.0 TeV for run 2 at
the Tevatron, our results are little changed.!

Note that if a doubly charged vector or scalar bilept
were produced at a collider, its decay would yield an unm
takable signature. The decay products would be a pai
same-sign leptons, with an invariant mass equal to that of
bilepton. The SM background to such a process is v
small. Should bileptons be produced at a hadron collid
there should be no difficulty in detecting them.

Here are our results:
~i! qq̄→Y11Y22: At the Tevatron, vector bileptons ar

observable ifMY&250 GeV ~run 1! or MY&320 GeV ~run
2! @MY&360 GeV ~run 2, As52.0 TeV!#. However, in all
cases this mass range has already been ruled out; so we
clude that vector bileptons cannot be observed in this proc
at experiments at the Tevatron. At the LHC, bileptons
massMY&1 TeV are observable. In this case there is a w
dow of observability. Note also that bileptons of massMY
*900 GeV are produced mainly viag or Z exchange—the
Z8 of the 3-3-1 contributes little. Thus, the LHC result
largely model-independent.

~ii ! ud̄→Y11Y2, ūd→Y1Y22: Given the low-energy
6-9
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constraint ofMY.740 GeV, neither of these processes
observable at the Tevatron. At the LHC, only the proc
ud̄→Y11Y2 is observable, forMY&900 GeV.

~iii ! qq̄→Yee: Suppose that the processqq̄→Y11Y22

were dominated by the exchange of a realZ8 ~this obviously
requires MY,MZ8/2!. Consider now the case whereMY
.MZ8/2. Here, it is conceivable that the processqq̄
→Y11e2e2 is observable whileqq̄→Y11Y22 is not. We
have therefore calculated the cross section forqq̄
→Y11e2e2, mediated solely by an on-shellZ8. Unfortu-
nately, given the present low-energy constraintsMY , we find
that this process is unobservable at both the Tevatron and
LHC.

However, this result is highly model-dependent. In t
3-3-1 model, theZ8 is a broad resonance, so that its on-sh
production yields little enhancement of the cross section.
if the width of theZ8 were narrow, sayGZ8;1022MZ8 , as
could be the case in another model, then the enhancem
factor could be substantial. In such a case, bileptons wo
be more easily discovered viaqq̄→Y11e2e2 than viaqq̄
→Y11Y22. It is therefore worthwhile to search for signa
of qq̄→Yee.

~iv! qq̄→f11f22: We have calculated this cross se
tion for f115h1

11 ~the h1
11 has quantum numbersQ5

12, I 3511, Y512!. We considered~i! the case where
only the SM g and Z contribute, as well as~ii ! the case
where there is an additionalZ8 contribution. The effect of
theZ8 can be considerable: depending on its mass, the c
section can be increased by up to two orders of magnitu

Even so, this process is barely observable at
Tevatron—an observable signal requires fairly light p
ticles:MZ8&600 GeV andMf&300 GeV~and note thatMZ8
S
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is already constrained to be above 550 GeV!. The LHC is
considerably more promising, but the reach inMf depends
strongly on whether aZ8 is present. If there is noZ8, then
such scalar h1

11 bileptons can be observed forMf

&375 GeV, while if aZ8 is present, then this reach increas
to 800–850 GeV.

Note that, although these results have been calculated
cifically for the h1

11 bilepton, they should also apply, t
within factors of order 1, to all scalar bileptons, as long
the bilepton’s quantum numbers are not too unconventio
Furthermore, we reiterate that, in contrast to Bhabha
Mo” ller scattering ate1e2 ande2e2 colliders, our results are
independent ofl, the Yukawa coupling of the scalar bilepto
to leptons.

~v! ud̄→f11f2, ūd→f1f22: We takef11 to have
I 3511. These processes are again unobservable at
Tevatron, but can be observed at the LHC for scalar bilep
masses Mf&400 GeV (f1f22) or Mf&500 GeV
(f11f2). Note also that this reach can be considera
increased in models in which there is an additional contri
tion due to thes-channel exchange of an on-shell particle

To summarize, vector bileptons are unobservable
experiments at the Tevatron, while there is only a small w
dow for detection of scalar bileptons. On the other ha
depending on the process, vector and scalar bilept
of masses up to about 1 TeV may be observable at
LHC.
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