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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 proggesses:
SYHTYTT, ud=YHTYT, ud—YTYTT, qo—Y te e, qo—otted T, ud—otte, and ud
— ¢ ¢, whereY and ¢ 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
(M ;=300 GeV) are just barely observable. At the CERN LHC, the reach is extended considerably: vector
bileptons of mas#/y=1 TeV are observable, as are scalar bileptons of rvags 850 GeV.
[S0556-282(199)05205-4

PACS numbeps): 14.80—j, 12.60—i

I. INTRODUCTION of the vector bileptons of the 3-3-1 model and the scalar
bileptons in left-right symmetric models has been calculated
All models of physics beyond the standard mo¢gM)  in Refs.[5] and[6], respectively. But nobody has attempted
predict the existence of new particles. One of the more exoti€0 Perform a systematic study of bilepton production at had-
of these is the bileptofil], a particle of lepton number 2. "on colliders. This is the purpose of this paper.
Bileptons occur in a variety of models of new physics. For It is clear from the start thaé™e™ ande” e colliders

o : otentially have a great advantage over hadron colliders for
example, the gauge bosons®E(15) grand unified theories getectingybileptonsgHigh—energygBhabha andllstoscatter-
[2] include vector bileptons, as do models with 8kJ(3),

ing receive huge corrections from virtual bilepton exchange.
XSU(3).XU(1) gauge symmetryknown as the 3-3-1 |f ng deviation from the SM is seen, this will constrain the
mode) [3]. Scalar bileptons can be found in models with anmass of the bilepton to b# =50\s\ TeV [1]. In other
extended Higgs sector such as left-right symmetric models afords, depending on the value of the couplidhe reach of
models in which Majorana neutrino masses are generated.e*e™ ande e~ colliders for bilepton detection potentially
Since bileptons couple to a pair of leptons, there are sigextends far beyond their center-of-mass energies. On the
nificant constraints on their masses and couplings from lowother hand, it is equally evident that this reach depends cru-
energy datg1]. The most stringent constraints on doubly cially on the value of the.. The advantage of hadron collid-
charged scalar and vector bileptons come from searches f6fS; in which bilepton production is due mainly to the
muonium-antimuonium  conversionM, >1.7—3.3\ TeV, s-channel exchange of neutral gauge bosons, is that the cross
whereM, is the mass of the bilepton, andits coupling to section depends only on gauge couplings, so that the reach is

; : : independent of the coupling. (The same holds true for di-
leptons. The constraints on singly charged bileptons are dug . 'searches ie*e- colliders) Thus, even thougle™ e
to experimental limits oug— evv andv,— v, oscillations, ’

- and e e” colliders are potentially better tools for bilepton
and are slightly weakeM >1-2\TeV. Thus, for cou- detection, it is still worthwhile to consider hadron colliders.
plings A~ 1, bileptons are generically constrained to have a |deally, the study of bilepton production at hadron collid-
mass greater thar 1 TeV. ers should be completely model-independent. Unfortunately,
There has been considerable work examining the proshis is not possible. Consider the procepg—Y* Y™,
pects for the detection of bileptons at future colliders. Be-whereY* ™" is a doubly charged vector bilepton. If one cal-
cause bileptons couple principally to leptons, it is only natu-culates the cross section for this process using smlgannel
ral that this work has concentrated mainly on collidersy and Z exchange, one finds that the cross section grows
involving at least one lepton beaf]. However, bileptons with the center-of-mass energy; i.e., unitarity is violated.
also couple to the photon a@] and so could be produced at This is not surprising. The vector bileptons are the gauge
hadron colliders. Curiously, the possibility of detecting bi- bosons of a larger gauge group, which necessarily contains at
leptons at future hadron colliders has been little studied ideast one new neutra’ boson. It is only through the inclu-
the literature. For a high-energyp collider, the production sion of thes-channelZ’ exchange that unitarity is restoréd.

nia, Berkeley, CA 94720. only photon exchange the cross sectiondoe™ —W*W™ violates
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Thus, for vector bilepton production at hadron colliders, it isleptons. Note that, although these calculations are clearly not
necessary to choose a model in which to perform the calcunodel-independent, we do expect that the order of magni-
lation. In this paper we choose the 3-3-1 mol Strictly  tude of the cross sections will be the same in any model
speaking, our results apply only to this model. However, wecontaining vector bileptons. After all, any model with vector
expect that the order of magnitude of the cross sections wilbbileptons will have the same types of contributionsgig
hold in any model containing vector bileptons. —Y**Y~" as one finds in the the 3-3-1 model.

For scalar bileptons, one does not have the same problems We begin this section with a review of the 3-3-1 model.
with unitarity violation. Thus, the calculations of the cross
sections for scalar bilepton production at hadron colliders A. 3-3-1 model
can be performed without a knowledge of the underlying
theory. That is, one can consider ordychannely and Z
exchange, which is indeed what we do. However, it must b
remembered that any particular model may contdinh
bosons, which can affect the cross sectiGespecially if the
Z' can be produced on shelin this sense, the cross sections
for lar bilepton pr tion presented in thi r shoul .
b concidered as lower bouderin a given mode, thesg U(3). andU (1) are denoted andg, respecively. The
cross sections may be enhanced due to the exchange of otfEPUP SU(3)L X U(1)x is broken t0SU(2), xU(1)y when

particles.(It is also conceivable that the cross sections could®” SU(3)L—.tr|pIet scalar gets a vacuum expectation value.
be decreased, due to cancellations betweerZthand y/Z The matching of the gauge coupling constants at this break-

contributions. However, in general, this requires fine-tuning. "9 Scale yields the relation

We discuss vector bilepton production at both the Fermi- gz 6 sir?
lab Tevatron and the CERN Large Hadron CollideliC) in —;( = v 1
Sec. Il. We consider the production of two real bileptons g° 1-4 sir Et9w

(qEHYV)_, as well as the case where one of the bil_eptons IS When SU(3), X U(1)y is broken toSU(2), X U(1)y,
virtual (qg—Yeq. In Sec. Ill we turn to scalar bilepton there are five exotic gauge bosons which acquire masses.

We present here the main features of the 3-3-1 model,
é;oncentrating principally on those ingredients which are nec-
essary for our calculation. For more details, we refer the
reader to Ref[7].

In the 3-3-1 model, the gauge group ISU(3).
gSU(B)LXU(l)X, in which the coupling constants of

production. We conclude in Sec. IV. They are the doubly and singly charged bileptafis™, Y*
and their antiparticles, along with a new neutzdl gauge
Il. VECTOR BILEPTONS boson. When the minimal Higgs structure is used to break

. . . .the symmetry, there is a relation between the masses:
The basic process describing the production of vector bi- y y

leptons at hadron colliders gg—Y**Y~~, whereY™ " is My 3(1—4si?6,)
a doubly charged vector bilepton. Ideally we would like to Vo T > cosd

study this process model-independently. So, as a first step, z' w
we compute the cross section based on shehannel ex- whereMy+=My++=My. In this paper, in order to be as

change of they andZ only. However, the calculation reveals general as possible, we do not assume the minimal Higgs
that this cross section grows aswhere/s is the center-of-  structure. Hence we allowl, and M, to vary indepen-
mass energy. This signals a violation of unitarity, indicatinggently of one another.
that there are other important contributions to this process The fermions transform under the 3-3-1 symmetry as fol-
which have not been taken into account. lows:

But it is clear what is happening here. Vector bileptons
are the gauge bosons of some larger gauge group, which e m
must necessarily include new neutrdl gauge bosons. Yia5=| Vel,| Yul|.| ¥-]:(1,3,0),
TheseZ’ bosons will also contribute tqg—Y* Y™, and o\ee) \pe) 7
their inclusion must restore unitarity. Thus, it is not possible
to perform a model-independent study of vector bilepton
production at hadron colliders. It is necessary to choose a Q.=
particular model, so as to be able to include #e (and 12
possibly other contributions which restore unitarity.

For computational purposes, we therefore choose the sim- t
plest extension of the SM which contains bileptons, namely
the model in which th&sU(2), gauge group is expanded to Qs
SU(3),, giving anSU(3), X SU(3), X U(1) gauge symme-
try (the 3-3-1 modsel[3]. Within the minimal 3-3-1 model, 1
the calculation of the cross section for double vector-bilepton dc,s°,be: ( 3*, 1,_) ,
production at hadron colliders has been performed in Ref.
[5]. In order to be as general as possible, we consider bilep-
ton production in the nonminimal 3-3-1 model. We also ex-
amine the possibility of the single production of vector bi-
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TABLE |. Values of thedeL, and deFf parameters which define g A\ a \'a

theZ' couplings to fermions.
de de | b
z' z' e
uc —(1-2sit 4,) +4 it 4, q vy u Y
d,s —(1-2sirf 6,) —2sirt 4,
I +(1-4 s!nz ) +2(1-4sirf 4,) FIG. 2. Feynman diagrams contributingdg—Y*"Y~ " in the
Y +(1-4sirf 6,) 3-3-1 model.
t +1 +4sirt 6,
b +1 —2sirf 6, /i
D,,D, +2(1-5sir? 4,) —8sirt 4, Y _ 3\/7
c,,=——=+1-3tarf b,. 7

T —2(1-6 sirf 6,) +10sir? 6, z 2 W ™

Finally, the data on muonium-antimuonium conversion
constrain doubly charged vector bileptons to satidfy,
>1.7\ TeV [1], where\ is the bilepton coupling to leptons.
In the 3-3-1 model, we have=g/v2, which implies that the
lower limit on the vector bilepton mass M, >740 GeV.
For singly charged vector bileptons, the limits pp—evv
In this model there are three new, exotic quarks of charggield M, >440 GeV.

—3(D12) and$(T). Here anomaly cancellation takes place  As for theZ’, its couplings to quarks are enhanced rela-
among all three generations, in contrast to the SM, where thgye to its couplings to leptons. Thus, limits on the mass of

Cc DC. 3* 1i
1 2" l 13 1

TS 3*1—5. 3
3

anomalies are cancelled within each generation. the Z' come mainly from low-energy experiments such as
We write the Feynman rules for the couplings of the neuneytrino-quark scattering and atomic parity violation. These
tral gauge bosons and the fermions as constrainM ;=550 GeV[7].
1- 1+ With this information we can now proceed to the calcu-
ig CLL yh 275 +CLR yh 275 , (4) lation of the cross sections for the production of bileptons.
whereN=1v,Z,Z’. The couplings of the photon amdto the B.qg—Y*tY ™"

fermions are as in the SM, while those of thé are _ ) o
The proces=ld— Y *Y~~ receives contributions from

‘ 1 ; s-channely, Z andZ’ exchangdsee Fig. 2 The amplitude-
cLtR= d_;®, 5  squared is
Z' 2v3cosb,\1—4sirt 6, *° ® a
f 1 > 2
where thed® are given in Table I. Zspms|M|
We now turn to the trilinear gauge-boson vertices. The g §
Feynman rule for th&\-Y**-Y~~ vertex(see Fig. 1is s 1 g*cy, CE, (cﬁ,LcNL,JrcﬁjR CNFf)
= 5 a 2 - z -
ig cy[g*"(k—p)*+g"(a—K)*+g**(p—aq)*], () NN 2 (B M HITWMW) (8= My, =Ty My:)
§4
where X|| —6MZs+ W) (1—cog 6)
Y
1—4sirf 6,
cY=2sing,, Ccy=—F5——0, 88 9 (. 7
2 costy, + —»(1+cog 9)— %% 1+ -cog ||, (8
M2 2 9
Y;"

whereN,N’=v,Z,Z', ands is the center-of-mass energy of
the gq system(not to be confused with, the center-of-mass
energy of the collider It is straightforward to verify that this
expression does not violate unitarity. In the limit 8%
—oo, My andI'y are negligible. But in this limit the cross
section vanishes sincENchEL’Rz 0. Thus we see that, as

FIG. 1. Momentum and Lorentz-index assignments for theexpected, the inclusion of the new contributidirsthis case
N-Y**-Y~~ vertex[Eq. (6)]. aZ') restores unitarity.

075006-3



DION, GRiZSOIRE, LONDON, MARLEAU, AND NADEAU

PHYSICAL REVIEW D59 075006

One quantity which appears in the above expression, anHiggs sector the partial width into scalars is the same as in

which we have not yet discussed,lis: . TheZ' may decay

the minimal model. Note that this assumption does not have

to the exotic quark®; andT, depending on their mass. As strong consequences—the cross sections do not depend

in Ref.[5], we assume thahg=600GeV Q=D;,T). Fur-

thermore, th&Z’ may decay to the light scalars of the Higgs

much on this partial width.
The processiu—Y**Y ™~ is a bit more complicated. In

sector. But since we are considering a general nonminimaddition to thes-channely, Z andZ’ contributions, there is
3-3-1 model, we have not specified the Higgs sector. In the diagram in which &, quark is exchanged in thechannel

minimal model, the partial width of th&’ into light scalars

(see Fig. 2 We denote these two amplitude types./af;

is roughly 10% of its width into the light SM quarks. For and M,, respectively. The amplitude-squared is then the
simplicity, here we assume that even with a nonminimalsum of the following three terms:

Y ug U Ur ~UR ~
1 1 g*ex Cy (C e T eRe) 84
SR M=y s — TN NN [(—6M$§+—4)(1—co§9)
4spins N,N’ 2 (S_MN+IFNMN)(S_MN'_IFN’MN’) 8MY
83 9 7
I _ 2 _
+M\2((1+cos.2 0) 55 1+gco§0> 9
1 4 7 21 8
-> |M2|2=g—— ~3(1-5co$ H)M{—8?| —+ —cog 6+cos 0 | + — (1+cos 0)?
4 spins l6(f_|\/|2)2 4 4 2My
D
24 a3 84
+ 4(1—co§6)—§23(30059+00§0)+4 23(50050+3co§‘6)+8 4Bcosasin20}, (10)
Y Y Y
and
Y UL /o 2 A~ N
1 CnCy (5= MY) 3 82 8
= MyMi+He=2, g* NN N - — —38MZsir? §— —(9+7 cog 6)+ 5 (1+cos 6)
4 spins U IE=MYP WMy (E-Mp) L 2 8 aMy
1 5 a3 a4
— —%%B cosf(3+cos 6)+ 4 SI? 6+ 5 B(5 cosf+3 cos 6) + 2B CosOsit 6,
4 32m4 16M2 32m4

where = \/1-4M2/3.

1D

particles taken into account the detection efficiency, as a fig-

We obtain the cross section for bilepton production ature of merit we thereforéconservatively require 25 events
hadron colliders by convoluting the above expressions witHOr discovery. This corresponds to a cross section of 0.25 pb

the CTEQ3M structure functions]. We consider both the
Tevatron (/s=1.8TeV) and the LHC {s=14TeV). The
present luminosity at the Tevatron is 100 Plyr (run 1), and
this is expected to be increased to at least 2/ in 2002
(run 2.2 The design luminosity at the LHC is 10fhyr.

(run 1) or 12.5 fb(run 2 at the Tevatron, and 2.5 fb at the
LHC.

The results fory " " Y™~ production are shown in Fig. 3,
where the cross sections are plotted as a functioi effor
variousZ' masses|In Ref.[5], the production cross section
is calculated within the minimal 3-3-1 model, in which the

Since we have not included a rapidity cut on the producegondition of Eq.(2) betweenVly andM . is assumed. When

we impose this condition, we find that we do indeed repro-
duce the results of Refi5].] For the Tevatrorfrun 1), we see

2Strictly speaking, run 2 involves not only a luminosity increase, that only bileptons of maskly =250 GeV are observable if
but also an increase in energy from 1.8 TeV to 2.0 TeV. For sim-Mz'=600GeV. This increases modestly kby=320 GeV
plicity, in the figures we continue to takés=1.8 TeV at the Teva- N run 2(for \Js=2 TeV, this upper limit becomes 360 GgV
tron for both runs. However, we have also performed the calculaHowever, as explained above, in all cases this bilepton mass
tions for 2.0 TeV. Although the cross sections are increased by &nge has already been ruled out. We therefore conclude that,
factor of 1.5 to 2, this does not affect our conclusions significantly.given the present constraints &y from low-energy data,
For the various processes, we indicate in the text the effects ofector bileptons cannot be observed at experiments at the
using Js=2.0TeV instead of 1.8 TeV for run 2. Tevatron.
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10?
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pp>Y Y
U
==~ pp>Y Y
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—_——pp->Y Y

J5=14Tev

o(pb)

1.8-3.0Tev

My (GeV)

FIG. 3. Cross sections fof **Y~~, Y**Y~ andY~~Y™ production at the Tevatrony6= 1.8 TeV) and at the LHC(s= 14 TeV) as
a function ofMy, for various values oMz, . The horizontal lines indicate the cross sections required for discovery: 0.¢Eephtron, run

1), 12.5 fb(Tevatron, run 2 and 2.5 fb(LHC).

At the LHC, on the other hand, bileptons of mads,

In particular, we note that real’ exchange is dominant

=<1 TeV are observable. Since the vector bilepton mass isnly for M,,<1.0 TeV. Thus, for such values &1, , the
presently constrained to bd>740 GeV, this means that production of bileptons of maddly=500 GeV is due prin-

there is a window of observability.

cipally to the exchange of an on-sh&ll. On the other hand,

It is instructive to separate out the contribution of an on-the real Z’' contribution is basically negligible foM .
shellZ’ to the vector bilepton production cross section from=1.8 TeV, so that bileptons of mad¥l,=900GeV are

that of they andZ. In Fig. 4, for various values df1,, , we
present the cross section fop—Y* Y~ at the LHC due

produced mainly via y or Z exchange. For
1.0TeV=Mz<1.8TeV, theZ' and y,Z contributions are

to the realz’ alone. By comparing Figs. 3 and 4, we can seesimilar in size.

for which values ofM ;. the on-shellZ’ dominates the pro-
cess and for which values it is negligible.

102

+4+ -
Mg: = 600 GeV p>Z->Y Y
Js=14Tev

o(pb)

400 600 800 1000 1200
My (GeV)

FIG. 4. RealZ’ contribution toY**Y ™~ production at the LHC
(y/s=14TeV) as a function ofly , for various values oM. . The

We can therefore conclude that, for the entire rangd of
for which bileptons are observable at the LHC, namely
740 Ge\=My=<1TeV, the cross section is never dominated
by the exchange of an on-shefl’. Indeed, they- and
Z-exchange contributions dominate the cross section for the
larger values oMy . Thus, although we have performed the
calculations within the 3-3-1 model, the details of this model
are largely unimportant to the conclusions. In other words,
the result that vector bileptons of malss,<1 TeV are ob-
servable at the LHC is basically model-independent.

The production of two doubly charged bileptons will re-
sult in an unmistakable signature. Each of the bileptons will
decay to two same-sign leptons, not necessarily of the same
flavor, leading to an{ 171, 1, signal, in which each pair of
same-sign leptons has the same invariant mass. The SM
background to this process is tiny. Should bileptons be pro-
duced at the LHC, there should be no difficulty in detecting
them.

C.ud—Y**Y~, Ud—Y*Y~"
In the previous subsection, we noted that the procgeps
—YT*Y™ 7, in which the bileptons decay g 11,1, , has
virtually no SM background. In fact, even if a single doubly

horizontal line indicates the cross section required for discoverycharged bilepton were produced in a reaction, there would be

2.5 fb.

little background, since no SM process will give two same-
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102 1071
>Z>Y
pp->Z -> Yee pp-> &> Yee
F-18TeV fi=14Tev
M= 500 GeV
M = 500 GeV
600 GeV
2
- 700 GeV =
2 104 °
s e e e e o ]
800 GeV
900 GeV ’
1.0TeV
\ 1.0TeV
106 .
250 300 350 400 450 500 550 600 500 600 700
My (GeV) M y(GeV)

FIG. 5. Z’ contribution toY**e~ e~ production at the Tevatron\/(§= 1.8 TeV) and at the LHC{§= 14 TeV) as a function oMy, for
various values oM. . The horizontal line indicates the cross section required for discovery at the LHC: 2.5 fb. The process is unobservable
at the Tevatron.

sign leptons whose invariant mass has a peak at the bileptayauge coupling, and one has to consider 3-body final-state
mass. Thus, it is also of interest to examine processes iphase space instead of 2-body phase space. The only con-
which one doubly charged bilepton is produced. We thereceivable way to offset this is if the process is dominated by

fore consider the reactionsd—Y**Y~ andud—Y*Y~~  the decay of a real’, with My>M,./2. (Of course, if
[9]. My<Mgz./2, then pair production of vector bileptons will

The process ud—Y* Y™ s quite similar to uu  dominate) The Z' contribution to the cross section for this
—Y**Y"". Indeed, the amplitude-squared foud  Process involves a factor

— YY" is given by the expressions in E48)—(11), with 1
the following changesdi) there is only 1s-channel diagram, > )

with an internalW, instead of 3s-channel diagramsN,N’ (3=M3)*+ (M7 T7)?

=v,2,2"), (i) c\-—cw= 12, (iii) cf—0, (iv) ci—cy

=1AW2. The amplitude folud— Y'Y~ "~ is identical. )

The cross sections fof " 'Y~ andY ™ ~Y™ production at  In this case, foS=My,, it is perhaps possible that the en-
hadron colliders are shown in Fig. 3, in which we assuméiancement due to the on-sh&ll might compensate for the
thatMy+=My++=My. At the Tevatron, which is pp col-  above suppressions. This is what we investigate here.
lider, these two cross sections are equal. However, even with We therefore calculate the cross section foiq
the increased luminosityand slight increase in energpf —Y**e e, mediated solely by an on-shél. The results
run 2, these processes are unobservable. At the LHC, thge shown in Fig. 5. It is clear that the reactiafg
cross sections for these two final states are not equal sincey++g-g- js completely unobservable at the Tevatron. At
the LHC is app collider, and hence has movequarks than i LHC, depending on the value ™., this process is

d-quarks, thus favormglhe(**Y final state. The pro-  gnservable foM,=<380 GeV. However, this range of bilep-
cessesud—Y" Y™ andud—Y"Y" " are observable for ton masses has already been ruled out. And even if such
My=900GeV andMy=660 GeV, respectively. Given the masses were still allowed, the cross section g
Iow-en_ergy constra_int oM >740 GeVZ _this implies that __ v++y—- que only to intermediatey and Z exchange is
thfﬂe is a small window of observability at the LHC for g roughly two orders of magnitude larger. Thus, this pro-
Y77Y" production. cess cannot be used to discover the bileptons of the 3-3-1
. model.
D.qg—Yee The problem here is that th2’ in the 3-3-1 model is a

The final process involving vector bileptons that we con-relatively broad resonance. For example, the width of a 1
sider is the reactiogg—Y™* "e~ e, in which thee"e™ pair  TeV Z’ is about 200 GeV. Thus, the hoped-for enhancement
comes from a virtual bilepton. The advantage of this procesdue to an on-shelt’ is fairly minimal. However, in a model
overgg— Y tY ™~ is clear: it is energetically easier to pro- in which theZ’ is quite narrow, say’;,~10 2M,, then
duce one real bilepton than two. However, there is also @&he enhancement factor could be substantial, and could well
hefty price to pay—the amplitude involves an additionalovercome the suppressions mentioned above. Indeed, in such
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a model, bileptons would be more easily discoveredqda 1

—Z'—=Y" e e than viaqq— y,Z— Y Y~ ", Thus, we ZgJMﬂZ
conclude that, although the procegg—Y* e e~ is of P
little interest within the 3-3-1 model, it might be important in 1 gtctc?, (¢t ch 4 cIrRcR)
. . . . N™N" VN N/ N “N’
other models containing bileptons. It is therefore worthwhile = 17 T — —
to search for signals of such a process. NN 4 (8= MyFITWMy) (8= My, =il Myr)
X 8232 sir? 6, (12)
Ill. SCALAR BILEPTONS where
In this section we consider the production of scalar bilep- P .
tons ¢ at hadron colliders. In contrast to vector bileptons, if cy=Qsindy,
one computes the cross section figr— ¢* * ¢~ ~ including
only thes-channel contributions from thg andZ, one finds 1 _
that unitarity is not violated. Thus, it is not necessary to cg= m('s—Qsm2 Ou)- (13
w

perform the calculations for scalar bilepton production

within a particular model. In the above, the scalar dilepton chaf@ean be+2 or —2,

corﬂﬁ\l;vft\i/:r:é Itr; argg:snserzosdue(lh trfre T?y P? n:l;';’h e‘;(Sc’t'cand its weak isospith; can in principle take any integer or
P @ ¢ ¢ v half-integer value. In the 3-3-1 model, there is also a contri-
the exchange of Z2'. In fact, as we will see, if one includes | tion from ans-channelz’:

these additional contributions, the cross section for scalar

bilepton production may be significantly increased relative to 1 JI—asife. 1—si?

the case where only andZ exchange are considered. c? = — LAV Y x|,
Thus, if one wants to study scalar bilepton production at -~ C0Sf 2V3 V3\1-4sir? 6,

hadron colliders, it is useful to examine both scenarios. In (14

the following subsections we therefore consider two situa- _ _
tions concerning the procesgg— ¢ "¢~ : (i) only the yvhereY=2(Q—I3) is the ordinary SM hypercharge, axd
SM y andZ contributions are present, afid) there are ad- 1S theU(1)x charge. _ _
ditional, exotic contributions. For this latter possibility, we ~ Since the scalar bileptons are defined only by their quan-
must choose a particular model in which to perform the cal{um numbersQ, I and possiblyX, there are an infinite
culation. As before, in this case we opt for the 3-3-1 mode|number of possible cases one can consider. The minimal
' ' — 3-3-1 del tains 2 bileptoné) »; *, which h =
We also consider the processes— ¢ ¢~ and ud o rrlon :{of ?—Igsand ;(e—poonaer.:d%i) nlN_ Icwhiithas
—— 44 . . H y 137 ’ - — Y 2 1

;qﬁrOd;ﬁcédm which a single doubly charged scalar blleptonQ: 2, 1,20, Y=—4 and X=0. For simplicity, in this

IoSimilar to the case of vector bileptons, the data onPaper we focus on they, (the resuilts for the, are quite

. . X i . imilar).
muonium-antimuonium conversion constrain doubly chargeg

: ) In Fig. 6 we show the cross sections fgi “»; ~ pro-
scalar bileptons to safisfyl ,>2-3.3 TeV [1]. However, duction at the Tevatron and LHC. We consider the case

there is an important difference between vector and Scal%here only the SMy and Z contribute, as well as the case
bileptons. For vector bileptons, the couplingis a gauge \yhere there is an additiona!’ contribution. It is clear from
coupling, and is specified within a particular model. But for g figure that the effect of thé' can be considerable. De-
scalar bileptons is the (unspecifiegl Yukawa coupling of - pending on its mass, the cross section can be increased by up
the bilepton to leptons. In the processes considered below two orders of magnitudeSimilar behavior was found in
the coupling\ does not appear, and hence can be taken to bref.[6], where the production at high-energy colliders of the
as small as desired. Thus, although we tbkg>200GeV,  scalar bilepton of the left-right symmetric model was stud-
the only real(A-independentconstraint on the mass of the jed)
scalar bilepton comes from experiments at the CERN " Even with such an enhancement, this process is observ-
collider LEP, namely that it must be greater tHdp/2. able at the Tevatron only if the particles are ligit:,/
=600 GeV andM ,=300 GeV are required to obtain an ob-
B servable signal(This holds for both\/s=1.8 and 2.0 TeV}.
A dg—¢ T Since the Z' is already constrained to satisfi,

The procesxjg— ¢ ' "¢~ ~ is mediated principally by >550GeV, this does not leave much room. On the other
the exchange of a neutral gauge bodofiN=y,Z and pos- hand, { "5, ~ production is observable at the LHC for
sibly Z’). (In a particular model, there may also be contribu-larger masses. But the reach W, depends strongly on
tions from exotic quarks in the-channel, which depend on whether aZ’ is present and, if so, what the value of its mass
the Yukawa coupling\.. But since we are assuming that this is. If there is noZ’, then such scalar bileptons can be ob-
coupling is small, we can ignore these contributiprihe  served forM ,<375GeV. If aZ' is present, then this reach
amplitude-squared for this process is increases to 800—850 GeV.
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FIG. 6. Cross sections fap™ * ¢~ ~ production (b= ;) at the Tevatron {s=1.8 TeV) and at the LHC(s=14 TeV) as a function of
M, for various values oM, . The horizontal lines indicate the cross sections required for discovery: 0.2bephtron, run 1, 12.5 fb
(Tevatron, run 2 and 2.5 fb(LHC).

Of course, these results apply specifically to #ie" bi- qgq—¢* "¢~ ~, assuming that the masses of the singly
lepton. For a different given bilepton, the observational reacttharged and doubly charged dileptons are eqéa.a result
will depend on its quantum numbers. In particular, for bilep-of constraints from the-parameter, these masses cannot be
tons other than they; * it is conceivable that this reach can too different) The amplitude-squared of these processes is
extend to higher masses. Still, the results we have found fdhe same as Eq(12), with the following changes(i) qq
the »; © give one a feel for the order of magnitude of the becomesud, (i) ci-—1#2, (i) cif*—0, (iv) cf—ci.
reach that one can expect for generic sgilar bilep'tf)pg. Therefore, for the processE—> bt orud—dte T,

We therefore conclude that the procegs—¢ "¢~ " is e have
observable at the Tevatron only if tlge" * is light and if the

mass of theZ' lies just above its present bound. For the 1 1 g*(cg)?
i i i =2 IMPP=2 822 sir? 0
LHC, if only the y and Z contribute to this process, then , 2232 2S°B :
) . X - 4 Spins 8 (5—My)“+(T'wMy)
bileptons are observable ,<400 GeV. And if the contri- (15)
butions from non-SM patrticles such &$ bosons are signifi-
cant, then this limit may be pushed uphb,<1 TeV. The quantit)c(ﬁ, parametrizes th&/ -¢* - ¢~ coupling.

We must also reiterate that these results are independens value depends on the representation that the scalar dilep-
of A, the Yukawa coupling of the scalar bilepton to leptons.tons are in, as well as how they are defined. For example, for
This is in contrast to Bhabha and/Mer scattering ae*e”™  an ordinary SU(2), -doublet, c&,=1#2. In the minimal
ande”e” colliders. Although these lepton colliders are po- 3-3-1 model, only they; * couples to th&w, with cg=1.
tentially sensitive to much larger scalar bilepton masses, |n Fig. 7 we present the cross sections &f "¢~ and
their reach depends directly on the value of the Yukawa COUz* ¢~ ~ production at the Tevatron and at the LHC. Specifi-
pling. If this coupling is too small, then there will be no ¢4y, we consider ¢"*=n;". [The case of an
measgableﬁffeEm@ ande” e colliders, but the pro-  gy2) _doublet, or indeed any oth&U(2), representation,
cessqq— e~ ¢ ++W'!ft'” be observable(Of course, the  can pe obtained by simply scaling the results of Fig. 7 by
processe’e” —¢ 7" ¢, which is also independent &, ()2 ] This process is unobservable at the Tevatron, but can

may be possible, depending dn, and Vs.) Thus, if the  pe"gpserved at the LHC for scalar bilepton masbks
Yukawa coupling is small, a hadron collider such as the LHC_ 400 gev @ ¢~ 7) or My=500GeV (¢ ¢7).

may in fact be the optimal machine for detecting scalar bi- i is also conceivable that, in a particular model, there

leptons. might be new, exotic contributions tpg— ¢* * ¢~ . If these
include the exchange of an on-shell particle in $hghannel,
B.ud— ¢t ¢~ Td—d* ™" then the cross secti(_)n may be significan_tly enhanced relative
) i ) to the results of Fig. 7. As we saw in the case g
We also consider the production of a single doubly_,¢++¢~, this enhancement may be large, perhaps as
charged scalar dilepton viad— ¢* "¢~ orud— ¢ ¢~ . much as several orders of magnitude. Although this does not
These processes are mediated by the exchang#\birathe  happen in the 3-3-1 model fofjg— ¢ " ¢, it may occur in
s-channel. As in the vector case, this process is similar tmther models. So this possibility should be kept in mind.
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FIG. 7. Cross sections fop™ "¢~ and ¢ ¢~ ~ production " =7, ") at the Tevatron (s=1.8TeV) and at the LHC {(s
=14TeV) as a function oM ;. The horizontal line indicates the cross section required for discovery at the LHC: 2.5 fh. The process is
unobservable at the Tevatron.

IV. CONCLUSIONS charged vector bileptons, constraints fratp—evv yield a
a;omewhat weaker limitvy>440 GeV. For scalar bileptons,

bileptons at hadron colliders. Although we would have liked"® data on muonium-antimuonium conversion reqiitg

to perform this analysis in a model-independent way, this is~(2—3-3)\ TeV, where\ is the Yukawa coupling of the
unfortunately not possible. To see this, consider, for exPilepton to leptons. Buk is unknown, and can be taken as
ample, the proces§g—Y* Y~ ~, whereY** is a vector small as desired. Thus, the only real constraint on the scalar

bilepton. If one considers only the SM contributiopsand bilepton mass 81 ,>Mz/2. _ _
Z exchanggto this process, one finds that the cross section W& have examined a variety of processes in which one or
violates unitarity. In order to avoid unitarity violation, it is WO doubly charged bileptons are produced at a hadron col-
therefore necessary that the calculations for vector bileptofider- We considered both the Tevatros=1.8 TeV) and
production be performed within a specific model. the LHC (s=14TeV). In all cases, as a figure of merit, we
We have chosen the 3-3-1 model. In this model unitarityrequired 25 events for observability. This corresponds to a
is restored by the inclusion of additional contributions toCross section of 0.25 pf¥evatron, run 1, 12.5 fb(Tevatron,
qG—Y**Y~": s-channelz’ exchange ant-channel exotic  fun 2, or 2.5 fo(LHC). (Even withs=2.0 TeV for run 2 at
D-quark exchange. Although, strictly speaking, all our re-the Tevatron, our results are little changed.
sults are model-dependent, we do expect the cross sections toNote that if a doubly charged vector or scalar bilepton
take similar(order-of-magnitudevalues in most models. In- Were produced at a collider, its decay would yield an unmis-
deed, for certain values of th# andY masses, we find that takable signature. The decay products would be a pair of
some processes are in fact dominated by the SM contribls@me-sign leptons, with an invariant mass equal to that of the
tions. The results for these processes are thus essentiafilepton. The SM background to such a process is very
model-independent. small. Should bileptons be produced at a hadron collider,
Processes invo|ving scalar bi|eptoa‘8++, such asqa there should be no dlfflCUlty in deteCting them.
— ¢t ¢~ 7, do not suffer from unitarity violation; so it is Here are our results:
not necessary to use a particular model. However, in a given () 44— Y* 7Y™ ": At the Tevatron, vector bileptons are
model, there may be new, exotic contributions to scalar biobservable ifMy=250GeV (run 1) or My=320 GeV (run
lepton production which may significantly increase the cros®) [My=360GeV (run 2, Js=2.0 TeV)]. However, in all
sections. It is therefore useful to calculate the cross sectiorgases this mass range has already been ruled out; so we con-
for scalar bilepton production within a chosen model, as welclude that vector bileptons cannot be observed in this process
as using only the SMy, Z) contributions. For the model- at experiments at the Tevatron. At the LHC, bileptons of
dependent calculations, we have again used the 3-3-1 modéhassMy=1 TeV are observable. In this case there is a win-
focussing on one of its bileptons, thg * . dow of observability. Note also that bileptons of mads
There are constraints on bileptons from low-energy ex-=900GeV are produced mainly vig or Z exchange—the
periments. The data on muonium-antimuonium conversio’ of the 3-3-1 contributes little. Thus, the LHC result is
imply a lower limit on the mass of the doubly charged vectorlargely model-independent.
bileptons of the 3-3-1 modelM>740GeV. For singly (i) ud=Y**Y", ud—=Y*Y" ": Given the low-energy

We have investigated the production of vector and scal
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constraint ofMy>740GeV, neither of these processes isiS already constrained to be above 550 GeVhe LHC is
observable at the Tevatron. At the LHC, only the procesgonsiderably more pro,m_ising, but the reachMn, d,epends
ud—>Y*+_Y* is observable, foMy=900 GeV. strongly on whﬂher_i is present. If there is n@d’, then

(i) gg—Yee Suppose that the proceggi—Y*+y~~  Such scalar»; * bileptons can be observed foM,
were dominated by the exchange of a rBal(this obviously ~=375GeV, while if aZ" is present, then this reach increases
requires My<M,/2). Consider now the case wheid, 0 800-850 GeV.
>M,./2. Here, it is conceivable that the process| Note that, although these results have been calculated spe-
~Y**e e is observable whilgg—Y" *Y~ " is not. We  cifically for the »; * bilepton, they should also apply, to
have therefore calculated the cross section fpg  Within factors of order 1, to all scalar bileptons, as long as
—Y**e e, mediated solely by an on-shell. Unfortu-  the bilepton’s quantum numbers are not too unconventional.
nately, given the present low-energy constraMts, we find ~ Furthermore, we reiterate that, in contrast to Bhabha and
that this process is unobservable at both the Tevatron and tddller scattering ae* e~ ande”e" colliders, our results are
LHC. independent ok, the Yukawa coupling of the scalar bilepton

However, this result is highly model-dependent. In thet0 leptons.
3-3-1 model, theZ’ is a broad resonance, so that its on-shell (V) ud— ¢ ¢, Ud— ¢ ¢~ ~: We takesp™ ™ to have
production yields little enhancement of the cross section. But;=+1. These processes are again unobservable at the
if the width of theZ’ were narrow, say',,~10 2M,,, as  Tevatron, but can be observed at the LHC for scalar bilepton
could be the case in another model, then the enhancememtasses M ;<400GeV (@ ¢ ") or M,z=500GeV
factor could be substantial. In such a case, bileptons woul¢* "¢ ~). Note also that this reach can be considerably
be more easily discovered vigg—Y**e e than viagq increased in models in which there is an additional contribu-
—Y**Y~ " Itis therefore worthwhile to search for signals tion due to thes-channel exchange of an on-shell particle.

of qg—Yee To summarize, vector bileptons are unobservable at
(iv) qg—¢ " "¢~ ~: We have calculated this cross sec- experiments at the Tevatron, while there is only a small win-
tion for ¢*T=5; " (the »; © has quantum numbei®= dow for detection of scalar bileptons. On the other hand,

+2, I3=+1, Y=+2). We consideredi) the case where depending on the process, vector and scalar bileptons
only the SMy and Z contribute, as well agii) the case ©f masses up to about 1 TeV may be observable at the
where there is an additiona’ contribution. The effect of LHC.
theZ’ can be considerable: depending on its mass, the cross
section can be increased by up to two orders of magnitude. ACKNOWLEDGMENTS
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