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Lower bounds on bilepton processes ate2e2 and µ2µ2 colliders
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We show that the cross section of at least one of the s-channel processese2e2(m2m2)→l i
2l i

2 , i 5e, m,
t, mediated by a doubly-charged scalar triplet bilepton is bounded from below and observable at a linear or
muon collider provided at least one of the light neutrinos has a mass in the range where it is required to be
unstable by cosmological considerations. The result applies to any model with scalar triplets and massive
neutrinos which mix and is independent of further details of the models. We therefore stress the importance of
the e2e2 and m2m2 collision modes of the future colliders for discovering new physics.
@S0556-2821~98!04003-X#

PACS number~s!: 14.80.2j, 12.10.Dm, 12.60.2i, 13.10.1q
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The conservation of lepton flavor which has been tes
with great accuracy at low energies is an important featur
the standard model. However, at energies of TeV range t
offered by electron linear@1# and muon colliders@2# lepton
flavor may turn out not to be an exact symmetry. Thee2e2

and m2m2 running modes of the colliders are particular
suitable for discovering this type of new physics since
initial states carry double electron and muon number, resp
tively.

A very promising process which can be studied in the
modes is the s-channel production of lepton pairs media
by doubly-charged bileptons. These particles are predic
by wide range of extensions of the standard model, suc
grand unified theories@3#, theories with enlarged Higgs sec
tors @4#, theories which generate neutrino Majorana mas
@5# as well as technicolor theories@6# and theories of com-
positeness@7#. Particularly interesting among them are t
theories containing scalar triplet bileptons since they prov
a framework for the understanding of the smallness of
masses of the ordinary neutrinos via the see-saw mecha
@8#.

In this Brief Report we consider the process
e2e2(m2m2)→l i

2l i
2 , i 5e, m, t, @9,10# induced by a

scalar triplet bilepton in wide class of models containi
these particles without making further assumptions on
details of the models. We show that there are lower bou
on the cross section of the processes and at least one of
can be detected in the planned lepton colliders provided
at least one of the light neutrinos,nm or nt , has a mass in the
range for which the constraint from the energy density of
present Universe requires it to be unstable. Should the
lider experiments show the negative result then in this c
of models all neutrino masses are below 90 eV or so.

We define bileptons to be bosons which couple to t
leptons and which carry two units of lepton number. Th
interactions need not necessarily conserve lepton flavor,
otherwise we demand the symmetries of the standard m
el to be respected. The most general SU(2)L3U(1)Y invari-
ant renormalizable dimension four Lagrangian of this ki
for triplet scalar bileptonsB3

0 , B3
1 andB3

11 is given by@11#
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L5l3
i j S B3

0 n̄ i
cPLn j2

B3
1

A2

3~ l̄ i
cPLn j1 l̄ j

cPLn i !2B3
11 l̄ i

cPLl j D 1 H.c., ~1!

where the indicesi , j 5e,m,t stand for the lepton flavors an
the chirality projection operators are defined asPR,L5(1
6g5)/2. In the following we shall drop the subscripts 3 d
noting the dimension of the bilepton representation eve
where.

Because of large bilepton massesmB the present low en-
ergy experiments can only constrain their effective couplin
of a generic formG5l2/mB

2 . Negative results in searche
for the lepton flavor violating processesl l→3l f and
l l→gl f , wherel 5m,t, and f 5e,m, put orders of magni-
tude more stringent bounds on off-diagonal bilepton co
plings than one obtains from Mo” ller scattering and (g22)m
studies as well as from the searches for muoniu
antimuonium conversion for diagonal couplingslee andlmm

@11–13#. To date there are no constraints onltt without
involving off-diagonal elements. Following the present ph
nomenology we can approximate the bilepton coupling m
trix l i j to be diagonal~small off-diagonal elements will no
change our conclusions!. Due to our ability to rotate lepton
fields by a phase we can choose the couplingsl i i in Eq. ~1!
to be real without loss of generality.

While the linear and muon colliders will probe the co
plings and masses of the bileptons orders of magnitude m
tightly than any of the present experiments@10,14# it is pos-
sible that due to smalll ’s or high bilepton masses no pos
tive signal will be detected. However, this may not be t
case if neutrinos are massive and mix as predicted by mo
the extensions of the standard model.

The masses and lifetimes of the neutrinos are constra
by the requirement that the energy density of them in
present Universe does not exceed the upper limit on the t
energy density of the Universe@15#. If the sum of light neu-
trino masses exceeds;90 eV at least one of them has to b
unstable~note that the possible annihilation of the neutrino
2013 © 1997 The American Physical Society
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2n l↔2n f , has the same strength as the neutrino decay s
it depends on the same coupling constants and, therefor
negligible @16#!. This may, indeed, be the case form or t
neutrinos since the present upper limits on neutrino ma
aremne

&10 eV,mnm
&170 keV@17# andmnt

&18 MeV @18#.

The lifetime of such an unstable neutrinon l must satisfy the
requirement@19,20#

tn l
&8.231031 MeV21S 100 keV

mn l
D 2

. ~2!

The n l ’s can decay either radiativelyn l→n fg,n fgg or at
tree leveln l→3n f via neutral bileptonB0 or Z8 exchange.
The radiative decay modes are highly suppressed@21# and
cannot satisfy the constraint~2!. The same is also true forZ8
contribution ton l→3n f decay@22#. Therefore, we are lef
with the decaysn l→3n f induced by theB0 exchange. The
effective Hamiltonian for this process is given by

H5
G0

l f

A2
n̄ fg

m~12g5!n f n̄ fgm~12g5!n l1 H.c., ~3!

where G0
l f 5A2l f f(l f fK f l1l l l Kl f )/(4mB0

2 ). Note that the
neutrino decays only due to the neutrino mixings presen
by a mixing matrixKi j and the processesl l→3l f are for-
bidden as required by the current phenomenology.

Just from then l lifetime, tn l

2152G0
2mn l

5 /(192p3), and the

constraint~2! we obtain alower bound on the effective cou
pling G0 as

G0
l f *1.93103 TeV22S keV

mn l
D 3/2

. ~4!

Numerically the minimum values ofG0 depend on whethe
the unstable neutrino is ofm of t type ~we assume that only
one neutrino is unstable! and are given byG0

me*8.631021

TeV22 andG0
t f*8.031024 TeV22.

Let us now turn to studies of collider physics. Leptons c
be pair-produced ine2e2 and m2m2 collisions via the
s-channel exchange of a doubly-charged bilepton. Assum
fully left polarized incoming beams~in reality polarization
rates exceeding 90% are achievable@1#! the total cross sec
tions of the processes are given by

s f i5
l f f

2 l i i
2

2p

s

~s2mB11
2

!21mB11
2 GB11

2 , ~5!

where the bilepton leptonic width isGB115( il i i
2mB11/8p

@9,23#. If the doubly-charged members of the multiplets tu
out to be heavier than the singly-charged ones, the n
leptonic decay modeB22→B2W2 can possibly also con
tribute to the total width. However, only very heavy bile
tons can realistically accommodate a mass splitt
exceeding the mass of theW boson. Also the decay mod
B22→W2W2 may contribute to the bilepton width but it i
strongly suppressed by the neutral bilepton vevvB0, which is
ce
, is

es

d

n

g

n-

g

constrained to be small due to its contribution to ther pa-
rameter@24#. With the current constraints on the possib
values of the decay width theB22 resonance peak at th
colliders is very prominent and the resonant cross sectio
much larger than the off-resonance one@10#. Therefore we
can study only the most conservative situation where
processesl f

2l f
2→l i

2l i
2 are mediated by far off-resonanc

virtual bilepton. For completeness we shall later comm
also on the production ofW2W2 in these collisions.

If the doubly charged bilepton is very heavy,s!mB11
2 ,

its interaction with leptons can be characterized by an eff
tive Hamiltonian

H5
G11

f i

A2
l̄ ig

m~12g5!l f l̄ igm~12g5!l f1 H.c., ~6!

where G11
f i 5A2l f fl i i /(8mB11

2 ). In this formalism the
cross section~5! takes a form

s f i5
16 ~G11

f i !2

p
s. ~7!

The effective couplingsG11 are related toG0 as

G11
f i 5

G0
l f

2

mB0
2

mB11
2

l i i

~l f fK f l1l l l Kl f !
. ~8!

Clearly, since some ofG0’s are bounded from below als
some ofG11’s cannot be arbitrarily small leading to nonva
nishing processes at colliders. For large neutrino mass dif
ences the present limits on the neutrino mixings areuKemu
5uKmeu&2.831022, uKmtu5uKtmu&331022 and uKetu
5uKteu&0.2 @17,25#. Also the mass splitting betweenB11

and B0, which belong to the same SU(2)L multiplet, is
strongly bounded from the experimental value of the para
eterr511ru1rB , whereru is a correction due to the mix
ing of Z0 with a new neutral gauge boson~which we are
neglecting here! and rB comes from the bilepton contribu
tion to theZ0 andW6 mass. It is given by@24#

rB5
GF

4A2p2
@ f ~B0,B1!1 f ~B1,B11!#[

3GF

8A2p2
Dm2,

where f (x,y)5mx
21my

222mx
2my

2 ln(my
2/mx

2)/(my
22mx

2). Studies
of the new contributions to ther parameter have provide
the upper bounds Dm2<(76 GeV)2, (98 GeV)2,
(122 GeV)2 @17# for the standard model Higgs massesmH
560, 300 and 1000 GeV, respectively, at 90% C.L. The
fore, for the interesting range of bilepton masses of 1 T
and higher the ratiomB0 /mB11 cannot differ from unity
more than;10–20 % even formH51 TeV.

Let us now study the implications of the bound~4! on
B22 processes at the colliders. To estimate the discov
potential, we use the scaling relationLe2e253.253107s for
thee2e2 andm2m2 luminosities which closely correspond
to a luminosity of 25 fb21 at As50.5 TeV and scales like
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the square of the center of mass energy. This choice for
luminosity is dictated by the lateste1e2 linear collider de-
sign report@1# and the fact that thee2e2 mode will approxi-
mately suffer a 50% luminosity reduction because of
antipinch effect@26#.

Concerning the background we have to deal with two d
ferent types of processes. While the lepton number viola
processes have no background from the standard model
e2e2 andm2m2 elastic scatterings take place also witho
bileptons~other standard model processes@27# can easily be
discriminated on the basis of missing energy!. However, due
to the interference with the standard model graphs the bi
ton effects are enhanced in the latter case which compen
the existence of the background. If we assume that obser
one flavor violating event already constitutes a discovery,
need an average number of2 ln(12p) Poisson distributed
events such thatat least1 event is observed with probabilit
p. Hence, a predicted average of at least 3 events is ne
to guarantee a discovery with 95% confidence. In this c
the minimal testableG11’s following from the cross sec
tion ~7! are

G11
f l ~min!5

1.431024

s
TeV22, ~9!

where f Þ l and s is expressed in TeV2. In the case a tau
lepton is produced we assume its reconstruction efficienc
be 65% and this value should be divided by 0.65. The s
ation f 5 l 5e,m has been studied in@11# where the Cramer-
Rao limit, x`

2 5L*dt@ds(l)/dt2ds(l50)/dt#2/@ds(l
50)/dt#, has been computed. At 95% confidence levelx`

2

53.84, and one obtains

G11
f f ~min!5

831025

s
TeV22. ~10!

Independently of which neutrino has the large mass
decays to three lighter neutrinos we can always choos
study the processl f

2l f
2→l l

2l l
2 at the linear or muon col-

lider and to constrain the relevant couplingsl f f , l l l , lÞ f ,
i 5 l in Eq. ~8!. For the numerical estimates we choose
case ifnt→3ne since the present experimental constraints
uKteu andmnt

give us the most conservative limits. Using th
numerical quantities determined above we obtain from E
~4!, ~8!

G11
et *231023

ltt

lee1ltt
TeV22, ~11!

which in comparison with Eq.~9! implies that the proces
e2e2→t2t2 should be detected at the 1 TeV linear co
lider unlessltt /lee&1021. On the other hand, if this is th
case then

G11
ee *231023 TeV22, ~12!

and Eq.~10! suggests that the excess of the electron pairs
to the s-channel bilepton production will be detected. N
he
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that the positive signal should be seen ifAs*0.3 TeV which
is below the planned initial energy of the linear collider.

Similarly, if nt→3nm thenm2m2→t2t2 should be seen
unless ltt /lmm&1023 (Asmm54 TeV used!, and if
nm→3ne then e2e2→m2m2 should be seen unles
lmm /lee&1025. Suppression of the flavor violating pro
cesses by smalll l l /l f f would mean that the cross section
of the flavor conserving processesl f

2l f
2→l f

2l f
2 exceed

the minimal observable limit~10! by orders of magnitude
Therefore, the bilepton mediated s-channel processes ca
be missed at future lepton colliders which are much m
sensitive to the considered type of new physics than the
energy experiments searching for muonium-antimuoni
conversion and the decaym1→e1 n̄ enm @20#.

One should also note that at the time colliders start
operate new experimental data on neutrino mixings a
masses will be available. The largest improvements in
perimental sensitivity can be expected in tau neutrino ph
ics. Proposed E803 and NAUSICAA experiments at Ferm
lab will respectively have about one and two orders
magnitude higher sensitivity touKetu and uKmtu than the
present limits@25#. Should these experiments give negati
results then, together with improvements ofmnt

determina-

tion in tau factories, the bounds onG11’s will rise about a
factor of hundred.

Finally, let us comment on the possibility of observing t
processesl f

2l f
2→W2W2 @28#. For e2e2 collision mode

there are stringent limits on this process from neutrinol
double-b decay and the cross section is vanishing@29#.
However, these limits do not apply form2m2 collisions. The
B11W2W2 vertex is proportional to the vacuum expect
tion valuevB0 which is experimentally constrained to be b
low a few GeV@24# but there is no fundamental reason th
it is exactly zero. Therefore, for the energies whereW pair
production is not kinematically suppressed,MW

2 !s!MB
2 ,

one gets

s~m2m2→W2W2!;s~m2m2→l i
2l i

2!
g4vB0

2 s

l i i
2 MW

4
.

In the case of smalll i i the cross section ofm2m2→W2W2

may be enhanced by a factor ofg4vB0
2 s/(l i i

2 MW
4 ) and provide

an observable amount of lepton number violating events
In conclusion, we have shown in the class of models

der consideration that if at least one neutrino has a m
exceeding about;90 eV and neutrinos do mix there is suc
a lower bound on the cross section ofat least one of the
processesl f

2l f
2→l i

2l i
2 , mediated by the doubly charge

scalar triplet bileptonB22, that the process is observable
future e2e2 or m2m2 colliders.

We stress that this result is very general and applies
any model with scalar triplets and massive neutrinos.
have not used any model dependent relation for the bilep
couplings nor for the neutrino masses. Our conclusion is a
independent of the exact values of bilepton masses s
only the effective couplingsGf i are constrained by the analy
ses. For our considerations it is important that triplet bile
tons and massive neutrinos do exist and mix. Therefor
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appears to be difficult to avoid the lower bounds if the c
lider parameters will be close to the presently designed o
Small changes in the collider parameters and cosmolog
bounds, small non-zero off-diagonal bilepton couplings,
istence of two decaying neutrinos as well as accidental c
cellations between the used parameters may change ou
e

,
.

p.

-2
-
s.
al
-
n-
nu-

merical values by a factor of 2-3, or so, but not by orders
magnitude what is required to avoid our conclusions.
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