PHYSICAL REVIEW D, VOLUME 63, 075005

Neutral heavy lepton production at next high energye*e™ linear colliders
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The discovery potential for detecting new heavy Majorana and Dirac neutrinos at some recently proposed
high energye*e™ 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. Theepeocess
—ve"W~ 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 resuilt$ provided strong  trino states: vector singl€¥SM), vector doubletVDM) and
evidence for neutrino oscillations and nonzero neutrindermion-mirror-fermion model§FMFM). We call attention
masses. This has motivated many theoretical models that inte the suppression factor for t#&NN vertex in the vector
ply new heavy neutrino states. These new particles arsinglet model, which is not present for the other models.
present in several grand unified extensions of the standarfhroughout this paper we will suppose that mixing angles
model such as SO(10) dEg. Many other new states are for heavy-to-light neutrinos and new heavy neutrino masses
present in these models but neutrinos are expected to playaae independent parameters. In the naive seesaw model, the
fundamental role in any consistent extended model. Thisnixing between light and heavy neutrinos is given By
comes mainly from the possibility that light neutrino masses=m,/my. However, there are many theoretical models
can be connected to the Fermi and grand unified scaleshich decouple the mixing from the mass relatigh. The
through mvzvﬁermi/vGUT. This relation can be obtained mechanism is very simple. In the general mass matrix in-
from the “seesaw” mechanism with new heavy neutrino cluding Dirac and Majorana fields one imposes some internal
states. A fundamental point to be experimentally clarified issymmetry that makes the matrix singular. Then the mixing

the Dirac or Majorana nature of neutrinos. parameter has an arbitrary value, bounded only by its phe-
The new heavy neutrino masses are experimentalljpjomenological consequences.
bounded to be greater than 80—100 G&\8] and the mixing Recently we have investigated this possibility for a single

with light neutrinos is expected to be small, even if there isheavy Majorana production in hadron-hadron collidéis It
some model dependence on these results. This means theas shown that this mechanism is more important than pair
these new neutral leptons could be detected only at the neproduction and that like-sign dileptons can give a clear sig-
generation of high energy colliders such as the Next Lineanature for this process, even after hadronization. The mixing
Collider (NLC) at SLAC and the Cornell TeV Superconduct- of the presently known fermions and possible new heavy
ing Linear AcceleratofTESLA). In this paper we turn our states is known to be small, of the order of iy,
attention to these new possible lepton collidets New lin-  =10"2-10"3. This comes from low energy phenomenology
eare’e” high energy colliders have been proposed, with aand the high precision measurements of Zhproperties at
center of mass energy from 500 GeV up to a few TeV. Morethe CERNe*e™ collider LEP or SLAC Linear Collider
recently " u~ ande e~ options were also proposed, as (SLC). A recent estimatg9] gives Sirf6,,,<0.0052 with

well as the electron-muon colliders. 95% C.L. This limit value is used throughout this paper for
Some time ago it was noticd®,6] that for some models all curves and distributions.
the single heavy lepton production @ e~ — vN is higher In this paper we present the complete first order treatment

than pair productiore* e — NN. Two main factors contrib- of single heavy neutral lepton production in electron-positron
ute to this difference. The first one is the mixing angse ( high energy colliders, including finite width effects. The full
=Sin 6m;) single power in the light-to-heavy neutrino vertex, g | Mixing angles forwW andZ couplings with new neu-
contrary to the double mixing angle power in the heavy-to-

. . tral heavy leptons for three different models.
heavy neutrino vertex. The second factor is phase space sup-

pression. If we suppose that all mixing angles are of the same VSM VDM EMEM
order, then we have in Table | the vertices for heavy neutrine
interactions in three different moddls] for new heavy neu- W—eN a=s; a=s; a=0
b=s; b=—s; b=2s,
Z—vN gy=s5i/2 gyv=-si/2 gy=0
*Email address: marroqui@if.ufrj.br ga=Ssi/2 ga=—Si2 0A=S;
"Email address: yara@if.ufrj.br Z—NN gy=5%2 gv=1 gy=1/2
*Email address: simoes@if.ufrj.br ga=s?/2 ga=s?/2 ga=—1/2
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FIG. 1. Signal Feynman graphs for heavy Majorahy @nd

Dirac (N,,N,,) neutrino contribution t@" e — ve W number conservation. Majorana neutrinos carry no internal

guantum numbers and we are then supposing that all the

first order standard model back dis al idered errticesNeV\/, NuW, andN7W have the same strength. In
Irst order standard modet bac gr+oup IS also considered. Wgis case we are considering only the lighter Majorana state.
have studied the general processe™ — v|IW wherel is a

. . . . i At the Fermi scale these new states are expected to behave as
charged lepton and, is a light neutrino or antineutrino. For

the sianal h the di tributi h SU, (2)®Uy(1) basic representations.
e signal we can have the diagram contributions as shownin \ye" can resume these interactions in the neutral and

Fig. 1. Some earlier studi¢5,6,10 were done in the heavy . .
. e AR . r rrent Lagrangians:

neutrino on-shell approximation which includes diagrdas charged current Lagrangians

and(d) in Fig. 1. It is known that for energies well above the _ — TR

Z mass thes channel is suppressed anchannel is dominant Lne=— ﬁvzﬂ‘ﬂi Y*(9v = 9ars) ¥ @

for N exchange. As we are interested in the study of distri-

butions and experimental cuts, we have taken into accou

all the diagrams shown in Fig. 1 for the process 2. We _ 9 — f A i

can have lepton number conservation or violation, depending Loc= Z@W“‘b‘y (@ =b"ys)iy, )

on the Dirac or Majorana nature of neutrinos, respectively. In o _ o _

this paper we consider three different heavy neutrinos, on#herei, j are the appropriate combination ef v, N with

for each family. For Dirac heavy neutrinos we have lepton” N” the new neutral lepton. The light neutrinos couplings to
the neutral Z are given by gV'A=g\s,"\,’l—sinz¢9miX/2.
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FIG. 2. Single and pair production of on-shell heavy Dirac
(VSM, VDM, and FMFM and Majorana neutrinos at/s FIG. 4. Signal and backgroungtandard modglcontributions
=500 GeV fore"e™ colliders (sif6,,,=0.0052). toete"—ve*W™ ats=500 GeV.
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FIG. 5. Final positron angular distribution relative to the initial FIG. 7. W™ angular distribution relative to the initial electron
electron for heavy Majorana neutrinos witly=100 GeV and for heavy Majorana neutrinos wittM =100 GeV and My
My=400 GeV. =400 GeV.

The decay modes for these leptons, in the Dirac case, af83SS€s Up tg's/2 whereas single heavy neutrino production
N,—e W' andN,— »,Z. For Majorana neutrinog8] we  Can reach masses up {&. For center of mass energy of 1

. . S — TeV a similar pattern of heavy neutrino production is
vrc#k?tl mglude both signature—1"W= and N—u(»)Z,  present. For the more specific subprooess™— re*W- a
= 7#17-'

. _ . careful distinction between Dirac and Majorana neutrinos
,In Fig. 2 we show the total cross sections for singlepyst pe done and the correct set of Feynman diagrams must
e*e”—vN and pair heavy lepton producti@’e” —NN at

_ ) be chosen from Fig. 1. An important point on the Dirac or

single heavy Majorana has the higher cross section due to thgosm Fig. 2. For a heavy Dirac neutrino the electron final

sum over final neutrino and antineutrino production and tastate is two orders of magnitude greater than the final state
the sum over the three lepton families. The single heavy,,on. For a Majorana heavy neutrino we expect an equal
Dirac neutrino for the electron family dominates the associy,ymber of electrons and muons in the final state. Another
ated muor(and tay family production since in the first case point to be taken into account is the fact that the final state
we haves andt channel exchanges, whereas in the last casegynt neutrino is an experimentally undetected particle. So we
we have only s channel contribution. Similar arguments apmyst sum over all possible combinations whenever neces-
ply to the pair production of heavy neutrinos. In the vectorsary. |n all cases we have considered all contributions, with
singlet model we have a strong suppression factor from thgp_shell and off-shell single heavy neutrinos, as well as finite
ZNN vertex in thes channel. For the other models we also yidth effects, as recently investigated by Cvetic, Kim, and

have an energy suppression in the amplitude from Zhe kim [11]. The standard model background contributes with

propagator in thes channel and a sfif, for thet channel. 15 diagrams, as shown in Fig. 3. Both the signal and back-
In all cases, pair production is kinematically bounded toground were calculated using the high energy program

COMPHEP[12].
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FIG. 6. Final positron angular distribution relative to the initial
electron for heavy Dirac neutrinos wittMy=100 and My FIG. 8. W™ angular distribution relative to the initial electron
=400 GeV. for heavy Dirac neutrinos witivl =100 GeV andVi=400 GeV.
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FIG. 9. Angular distribution between final positron awd™ for
heavy Majorana neutrinos witivy=100 GeV, My=200 GeV,
andMy=400 GeV.

(@)
Let us now turn our attention to the general characteristics
of the procese"e” — ve"W . In Figs. 4—12 we have done
simple detector cut€epion>5 GeV and —0.995<cosé), _—
<0.995, whereg, is the angle between any final state par- ;o0 <~
ticle and the initial electron. We defing,+ as the angle
between the initial electron and the final state posit@p,
as the angle between the initial electron and the final state
W~ or hadrons, andl.+y- as the angle between the final
positron and the final staté&v~ or hadrons, in thee*e™
center of mass frame.
In Fig. 4 we show the total cross section for the signal and 0% 1
standard model background, which is typically 1-1.5 orders
of magnitude greater than the signal. One of the main points
of our work is to show that this relation will be inverted by o
appropriated cuts in the* W™ invariant mass distribution. 500
In order to justify our cuts, let us first look at the following
angular distributions. In Figs. 5 and 6 we display the final

450 590

300
state positron angular distributigrelative to the initial elec- O@pjsgoo 300 50 * L
tron) for My=100 andM =400 GeV in the Majorana and 150 Musiote
Dirac cases, as well as the standard model contribution. We p) 00

have taken these two mass values, one below and the other

above the pair production mass limit. We notice that for FIG. 10. Invariant visible masse( + hadron$ versus missing
smaller masses, around 100 GeV, the Majorana and Dira@eutring energy correlation for background and signal fdr
cases are different, but for higher masses this difference dis= 100 GeV(in arbitrary unit$. (a) was done with the general cuts
appears. A similar situation is seen in Figs. 7 and 8 fomthe and(b) was done with the additional cuts as discussed in the text.
angular distribution. The intermediate masses of heavy neu-

trinos can be easily inferred from Figs. 5-8. around theZ mass, we have verified that this channel has a

In Fig. 9 we show the angular distribution between thesmall contribution to the dominant background.
final e” andW~ in the e*e™ center of mass frame, for a The invariant visible masse(" + hadron$ versus missing
heavy Majorana neutrino. The signal presents a clear kingneutrino$ energy correlations are shown in Figs. 10-12, in
matical bound from the Lorentz boost along the heavy neuarbitrary units. In Figs. 10-12, labeled “a,” we have applied
trino direction. In the Dirac neutrino case we have a similarthe following general detector cuts:0.95<cosf.+<0.995
shape, above the Majorana curves. and—0.995< cosé\,-<0.95. Here we have a very clear lim-

In order to have a more realistic estimate of the signal-toited kinematical region coming from energy-momentum con-
background separation we have performed\iie hadroni-  servation. The signal is already present in these figures. The
zation using theyTHIA program[13], for the signal and the angular distributions in Figs. 5—9 suggests that the signal-to-
standard model background. Another possible backgrountdackground can be increased by applying more restrictive
source is the process'e” —e*e”Z where the final state angular cuts. The results are shown in Figgb1011(b), and
electron escapes detection. With the hadron jets peaketR(b). For a heavy neutrino mass of 100 GeV we have done
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FIG. 11. Same as Fig. 10 fof =200 GeV. FIG. 12. Same as Fig. 10 fovi =400 GeV.

—0.5<c0860+y-<0.995 and the result is shown in Fig. _. : .
11(a). For a massM y=200 GeV the results are shown in SITCG the process is dominated bghannel exchange. For

: . ~ colliders we have the same situation, if we replace
Fig. 11(b), with angular cuts—0.9<cosf.+<0.995; —0.5 KK n 1 oo . ’ . i
<C0S0,yy <0.5; —0.95<cosfy, <0.9. For a heavy neu- the finale™ by au™. Single heavy neutrino production be

. . : low and above pair mass threshold can be clearly separated
trino mass of 400 GeV we have Fig. (b2, with angular cuts .
0.5<C086,:<0.995 —0.95<coSfy <05 —0.95 from the standard model background, even after hadroniza

. tion and detector cuts. Angular cuts on the final state particle
<c0SH.+yw-<—0.7. These more restrictive angular cuts g P

) S distributions can be applied unambiguously, in order to in-
_show quite clearly that the ratio mgnal/background can b rease the signal-to-background ratio. As our estimate for the
improved. For center of mass energies of 1 TeV we foun

. ignal cross section uses the upper bound fofésin, an
analogous conclusions. : :
: _ : eventually negative experimental search can be converted
In conclusion, the present work shows teae™ colliders

can test the existence of heavy Dirac and Majorana neutringgangew more restrictive light-to-heavy neutrino. mixing
masses up to/s in the ve® hadrons channel. For higher '

center of mass energies the conclusions are similar to the This work was partially supported by the following Bra-
case of a\’s=500 GeV presented in detail in this paper, zilian agencies: CNPq, FUJB, FAPERJ, and FINEP.
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