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Neutral heavy lepton production at next high energye¿eÀ linear colliders

F. M. L. Almeida, Jr.,* Y. A. Coutinho,† J. A. Martins Simo˜es,‡ and M. A. B. do Vale§

Instituto de Fı´sica, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil
~Received 31 July 2000; published 1 March 2001!

The discovery potential for detecting new heavy Majorana and Dirac neutrinos at some recently proposed
high energye1e2 colliders is discussed. These new particles are suggested by grand unified theories and
superstring-inspired models. For these models the production of a single heavy neutrino is shown to be more
relevant than pair production when comparing cross sections and neutrino mass ranges. The processe1e2

→ne6W7 is calculated including on-shell and off-shell heavy neutrino effects. We present a detailed study of
cross sections and distributions that shows a clear separation between the signal and standard model contribu-
tions, even after including hadronization effects.
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The recent Super-Kamiokande results@1# provided strong
evidence for neutrino oscillations and nonzero neutr
masses. This has motivated many theoretical models tha
ply new heavy neutrino states. These new particles
present in several grand unified extensions of the stan
model such as SO(10) orE6. Many other new states ar
present in these models but neutrinos are expected to p
fundamental role in any consistent extended model. T
comes mainly from the possibility that light neutrino mass
can be connected to the Fermi and grand unified sc
through mn5vFermi

2 /vGUT . This relation can be obtaine
from the ‘‘seesaw’’ mechanism with new heavy neutri
states. A fundamental point to be experimentally clarified
the Dirac or Majorana nature of neutrinos.

The new heavy neutrino masses are experiment
bounded to be greater than 80–100 GeV@2,3# and the mixing
with light neutrinos is expected to be small, even if there
some model dependence on these results. This means
these new neutral leptons could be detected only at the
generation of high energy colliders such as the Next Lin
Collider ~NLC! at SLAC and the Cornell TeV Superconduc
ing Linear Accelerator~TESLA!. In this paper we turn our
attention to these new possible lepton colliders@4#. New lin-
eare1e2 high energy colliders have been proposed, with
center of mass energy from 500 GeV up to a few TeV. Mo
recently m1m2 and e2e2 options were also proposed, a
well as the electron-muon colliders.

Some time ago it was noticed@5,6# that for some models
the single heavy lepton production ine1e2→nN is higher
than pair productione1e2→NN. Two main factors contrib-
ute to this difference. The first one is the mixing anglesi
[sinumix) single power in the light-to-heavy neutrino verte
contrary to the double mixing angle power in the heavy-
heavy neutrino vertex. The second factor is phase space
pression. If we suppose that all mixing angles are of the sa
order, then we have in Table I the vertices for heavy neutr
interactions in three different models@5# for new heavy neu-
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trino states: vector singlet~VSM!, vector doublet~VDM ! and
fermion-mirror-fermion models~FMFM!. We call attention
to the suppression factor for theZNN vertex in the vector
singlet model, which is not present for the other mode
Throughout this paper we will suppose that mixing ang
for heavy-to-light neutrinos and new heavy neutrino mas
are independent parameters. In the naive seesaw mode
mixing between light and heavy neutrinos is given byu
.mn /mN . However, there are many theoretical mode
which decouple the mixing from the mass relation@7#. The
mechanism is very simple. In the general mass matrix
cluding Dirac and Majorana fields one imposes some inte
symmetry that makes the matrix singular. Then the mix
parameter has an arbitrary value, bounded only by its p
nomenological consequences.

Recently we have investigated this possibility for a sing
heavy Majorana production in hadron-hadron colliders@8#. It
was shown that this mechanism is more important than
production and that like-sign dileptons can give a clear s
nature for this process, even after hadronization. The mix
of the presently known fermions and possible new hea
states is known to be small, of the order of sin2umix
51022–1023. This comes from low energy phenomenolog
and the high precision measurements of theZ properties at
the CERN e1e2 collider LEP or SLAC Linear Collider
~SLC!. A recent estimate@9# gives sin2umix,0.0052 with
95% C.L. This limit value is used throughout this paper f
all curves and distributions.

In this paper we present the complete first order treatm
of single heavy neutral lepton production in electron-positr
high energy colliders, including finite width effects. The fu

TABLE I. Mixing angles forW andZ couplings with new neu-
tral heavy leptons for three different models.

VSM VDM FMFM

W→eN a5si a5si a50
b5si b52si b52si

Z→nN gV5si /2 gV5si /2 gV50
gA5si /2 gA52si /2 gA5si

Z→NN gV5si
2/2 gV51 gV51/2

gA5si
2/2 gA5si

2/2 gA521/2
©2001 The American Physical Society05-1
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first order standard model background is also considered.
have studied the general processe1e2→n l lW where l is a
charged lepton andn l is a light neutrino or antineutrino. Fo
the signal we can have the diagram contributions as show
Fig. 1. Some earlier studies@5,6,10# were done in the heavy
neutrino on-shell approximation which includes diagrams~a!
and~d! in Fig. 1. It is known that for energies well above th
Z mass thes channel is suppressed andt channel is dominan
for N exchange. As we are interested in the study of dis
butions and experimental cuts, we have taken into acco
all the diagrams shown in Fig. 1 for the process 2→3. We
can have lepton number conservation or violation, depend
on the Dirac or Majorana nature of neutrinos, respectively
this paper we consider three different heavy neutrinos,
for each family. For Dirac heavy neutrinos we have lept

FIG. 1. Signal Feynman graphs for heavy Majorana (N) and
Dirac (Ne,Nm) neutrino contribution toe1e2→ne1W2.

FIG. 2. Single and pair production of on-shell heavy Dir
~VSM, VDM, and FMFM! and Majorana neutrinos atAs
5500 GeV fore1e2 colliders (sin2umix50.0052).
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number conservation. Majorana neutrinos carry no inter
quantum numbers and we are then supposing that all
verticesNeW, NmW, andNtW have the same strength. I
this case we are considering only the lighter Majorana st
At the Fermi scale these new states are expected to beha
SUL(2)^ UY(1) basic representations.

We can resume these interactions in the neutral
charged current Lagrangians:

Lnc52
g

2cW
Zmc ig

m~gV
i j 2gA

i j g5!c j ~1!

and

Lcc52
g

2A2
Wmc ig

m~ai j 2bi j g5!c j , ~2!

where i, j are the appropriate combination ofe, n, N with
‘‘ N’’ the new neutral lepton. The light neutrinos couplings
the neutral Z are given by gV,A5gV,A

SM2sin2umix/2.

FIG. 3. Standard model background contribution toe1e2

→ne1W2.

FIG. 4. Signal and background~standard model! contributions
to e1e2→ne1W2 at As5500 GeV.
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NEUTRAL HEAVY LEPTON PRODUCTION AT NEXT . . . PHYSICAL REVIEW D 63 075005
The decay modes for these leptons, in the Dirac case
Ne→e2W1 and Ne→neZ. For Majorana neutrinos@8# we
must include both signaturesN→ l 7W6 and N→n l( n̄ l)Z,
with l 5e,m,t.

In Fig. 2 we show the total cross sections for sing
e1e2→nN and pair heavy lepton productione1e2→NN at
As5500 GeV. All curves are for on-shell heavy neutrinos.
single heavy Majorana has the higher cross section due to
sum over final neutrino and antineutrino production and
the sum over the three lepton families. The single he
Dirac neutrino for the electron family dominates the asso
ated muon~and tau! family production since in the first cas
we haves andt channel exchanges, whereas in the last ca
we have only s channel contribution. Similar arguments
ply to the pair production of heavy neutrinos. In the vec
singlet model we have a strong suppression factor from
ZNN vertex in thes channel. For the other models we al
have an energy suppression in the amplitude from thZ
propagator in thes channel and a sin2umix for the t channel.
In all cases, pair production is kinematically bounded

FIG. 5. Final positron angular distribution relative to the initi
electron for heavy Majorana neutrinos withMN5100 GeV and
MN5400 GeV.

FIG. 6. Final positron angular distribution relative to the initi
electron for heavy Dirac neutrinos withMN5100 and MN

5400 GeV.
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masses up toAs/2 whereas single heavy neutrino producti
can reach masses up toAs. For center of mass energy of
TeV a similar pattern of heavy neutrino production
present. For the more specific subprocesse1e2→ne1W2 a
careful distinction between Dirac and Majorana neutrin
must be done and the correct set of Feynman diagrams m
be chosen from Fig. 1. An important point on the Dirac
Majorana nature of the new possible heavy neutrino com
from Fig. 2. For a heavy Dirac neutrino the electron fin
state is two orders of magnitude greater than the final s
muon. For a Majorana heavy neutrino we expect an eq
number of electrons and muons in the final state. Anot
point to be taken into account is the fact that the final st
light neutrino is an experimentally undetected particle. So
must sum over all possible combinations whenever nec
sary. In all cases we have considered all contributions, w
on-shell and off-shell single heavy neutrinos, as well as fin
width effects, as recently investigated by Cvetic, Kim, a
Kim @11#. The standard model background contributes w
12 diagrams, as shown in Fig. 3. Both the signal and ba
ground were calculated using the high energy progr
COMPHEP@12#.

FIG. 7. W2 angular distribution relative to the initial electro
for heavy Majorana neutrinos withMN5100 GeV and MN

5400 GeV.

FIG. 8. W2 angular distribution relative to the initial electro
for heavy Dirac neutrinos withMN5100 GeV andMN5400 GeV.
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Let us now turn our attention to the general characteris
of the processe1e2→ne1W2. In Figs. 4–12 we have don
simple detector cutsElepton.5 GeV and20.995,cosu i

,0.995, whereu i is the angle between any final state pa
ticle and the initial electron. We defineue1 as the angle
between the initial electron and the final state positron,uW2

as the angle between the initial electron and the final s
W2 or hadrons, andue1W2 as the angle between the fin
positron and the final stateW2 or hadrons, in thee1e2

center of mass frame.
In Fig. 4 we show the total cross section for the signal a

standard model background, which is typically 1–1.5 ord
of magnitude greater than the signal. One of the main po
of our work is to show that this relation will be inverted b
appropriated cuts in thee1W2 invariant mass distribution
In order to justify our cuts, let us first look at the followin
angular distributions. In Figs. 5 and 6 we display the fin
state positron angular distribution~relative to the initial elec-
tron! for MN5100 andMN5400 GeV in the Majorana and
Dirac cases, as well as the standard model contribution.
have taken these two mass values, one below and the o
above the pair production mass limit. We notice that
smaller masses, around 100 GeV, the Majorana and D
cases are different, but for higher masses this difference
appears. A similar situation is seen in Figs. 7 and 8 for theW
angular distribution. The intermediate masses of heavy n
trinos can be easily inferred from Figs. 5–8.

In Fig. 9 we show the angular distribution between t
final e1 and W2 in the e1e2 center of mass frame, for
heavy Majorana neutrino. The signal presents a clear k
matical bound from the Lorentz boost along the heavy n
trino direction. In the Dirac neutrino case we have a sim
shape, above the Majorana curves.

In order to have a more realistic estimate of the signal
background separation we have performed theW2 hadroni-
zation using thePYTHIA program@13#, for the signal and the
standard model background. Another possible backgro
source is the processe1e2→e1e2Z where the final state
electron escapes detection. With the hadron jets pea

FIG. 9. Angular distribution between final positron andW2 for
heavy Majorana neutrinos withMN5100 GeV, MN5200 GeV,
andMN5400 GeV.
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around theZ mass, we have verified that this channel ha
small contribution to the dominant background.

The invariant visible mass (e11 hadrons! versus missing
~neutrinos! energy correlations are shown in Figs. 10–12,
arbitrary units. In Figs. 10–12, labeled ‘‘a,’’ we have applie
the following general detector cuts:20.95,cosue1,0.995
and20.995,cosuW2,0.95. Here we have a very clear lim
ited kinematical region coming from energy-momentum co
servation. The signal is already present in these figures.
angular distributions in Figs. 5–9 suggests that the signal
background can be increased by applying more restric
angular cuts. The results are shown in Figs. 10~b!, 11~b!, and
12~b!. For a heavy neutrino mass of 100 GeV we have do

FIG. 10. Invariant visible mass (e11 hadrons! versus missing
~neutrino! energy correlation for background and signal forMN

5100 GeV~in arbitrary units!. ~a! was done with the general cut
and ~b! was done with the additional cuts as discussed in the te
5-4
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NEUTRAL HEAVY LEPTON PRODUCTION AT NEXT . . . PHYSICAL REVIEW D 63 075005
20.5,cosue1W2,0.995 and the result is shown in Fig
11~a!. For a massMN5200 GeV the results are shown
Fig. 11~b!, with angular cuts20.9,cosue1,0.995; 20.5
,cosue1W2,0.5; 20.95,cosuW2,0.9. For a heavy neu
trino mass of 400 GeV we have Fig. 12~b!, with angular cuts
20.5,cosue1,0.995; 20.95,cosuW2,0.5; 20.95
,cosue1W2,20.7. These more restrictive angular cu
show quite clearly that the ratio signal/background can
improved. For center of mass energies of 1 TeV we fou
analogous conclusions.

In conclusion, the present work shows thate1e2 colliders
can test the existence of heavy Dirac and Majorana neut
masses up toAs in the ne6 hadrons channel. For highe
center of mass energies the conclusions are similar to
case of aAs5500 GeV presented in detail in this pape

FIG. 11. Same as Fig. 10 forMN5200 GeV.
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since the process is dominated byt channel exchange. Fo
m1m2 colliders we have the same situation, if we repla
the finale1 by a m1. Single heavy neutrino production be
low and above pair mass threshold can be clearly separ
from the standard model background, even after hadron
tion and detector cuts. Angular cuts on the final state part
distributions can be applied unambiguously, in order to
crease the signal-to-background ratio. As our estimate for
signal cross section uses the upper bound for sin2umix, an
eventually negative experimental search can be conve
into new more restrictive light-to-heavy neutrino mixin
bound.

This work was partially supported by the following Bra
zilian agencies: CNPq, FUJB, FAPERJ, and FINEP.

FIG. 12. Same as Fig. 10 forMN5400 GeV.
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