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Right-handed neutrinos with a large Majorana mass occur naturally in the left-right-symmetric model.
We explore the prospect of such a heavy right-handed neutrino search via WR decay in the like-sign
dilepton channel at the Superconducting Super Collider (SSC) and CERN Large Hadron Collider
(LHC). The standard model background can be effectively eliminated by suitable lepton pT and isolation
cuts without affecting the signal cross section seriously. In this way it seems possible to explore the bulk
of the parameter space 0&M& &M~, with M~ going up to 3000 (2000) GeV at energies reached at

R R R

the SSC (LHC).

PACS number(s): 14.60.Gh, 12.15.Cc, 13.85.Rm

I. INTRODUCTION

The precision measurements at the CERN e+e col-
lider LEP have revealed that the Glashow-Salam-
Weinberg standard model (SM) of unified electroweak in-
teractions is indeed in very good agreement with the ex-
perimental data [1]. Yet there are several aspects of the
SM which are regarded as unnatural and thus indicative
of the physics beyond the SM. For example, in the SM
parity violation is introduced by hand. Moreover, the
present experimental bounds on the neutrino masses [2]
indicate that these masses, even if they exist, must be
very small compared to the masses of the other fermions
present in the theory. There is no natural explanation of
such small neutrino masses within the framework of the
SM. In the left-right-symmetric (LRS) model [3] both
these problems can be taken care of naturally. In this
model parity is broken spontaneously at a high-energy
scale characteristic of the masses of the SU(2)tt gauge bo-
sons ( Wz and Zz ). Moreover, the vacuum expectation
value (VEV) of the SU(2)~-triplet Higgs bosons, which
make the right-handed gauge bosons heavy, suppresses
the light neutrino masses [4] via the celebrated seesaw
mechanism [5]. With three generations of quarks and
leptons, the model contains three heavy Majorana neutri-
nos of right chirality in addition to the three light neutri-
nos of left chirality, which are routinely observed in low-
energy leptonic and semileptonic interactions. While the
former dominantly couples to the Wz, the latter couples
to the standard WL boson.

An interesting experimental signature of these heavy
Majorana neutrinos (Xt, I =e,p„,r ) is their lepton-
number-violating interactions. For example, each of
these neutrinos can decay into the corresponding charged
leptons of both signs with equal branching ratios (neglect-
ing CP violation). A characteristic of these decays is the
production of like-sign dileptons (LSD) at hadron collid-

ers via reactions such as

PP W„ l+X, l+l+qq',

PP Zz X&Xl —+l+ l+qq'q "q"' . (2)

The possibility of testing one of the most stringent con-
servation laws of particle physics, therefore, opens up
with the advent of high-energy hadron colliders. This
was pointed out a long time back [6]. Subsequently this
has been studied by several authors [7,8]. The major SM
background to the LSD signature arises via the reactions

PP~QQ ~(q'l+v)(q'q;qI ), q'~l+vq", (3)

where Q stands for a heavy quark (t, b, or c), while the q'
refers to the corresponding decay quark (b, c, or s) which
arise due to the decays of the heavy quarks via charged-
current interactions. If the produced b quark fragments
into a neutral B meson (Bd or B, ) then LSD's may also
arise due to 8 -8 mixing. Obviously the viability of
detecting lepton number violation via the LSD depends
on the relative size of the signal and the background.

The cross section for the signal strongly depends on the
mass of the Wit (Mii ) and the mass of the heavy neutri-

R

no (denoted generically as Miv ). There are several lower
R

limits on Wz derived on the basis of difTerent assump-
tions. (i) A strong low-energy constraint on WR comes
from the EL -Ez mass di6'erence. From the box diagram
with both WL and Wz exchanges a lower bound of 1.6
TeV is obtained [9]. For this one has to assume the so-
called manifest LR symmetry, i.e., the Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrices of the left-
and right-handed sectors (VL and VR) are the same,
which is rather artificial. If manifest LR symmetry is not
assumed [10], the bound on Wit is relaxed; even with re-
strictions on Ane-tunings, it can be as low as 300 GeV
[11]. (ii) A bound on Mii, comes from the direct search
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by the Collider Detector at Fermilab (CDF) Collabora-
tion [12]. Assuming that the new charged gauge bosons
decay into leptons and stable neutrinos of negligible
masses, events with high-pT electrons or muons and large
missing energy are looked for. Their lower bound
M~ ) 520 GeV, will, however, not apply in models

R

which we are analyzing where the WR couples only to
heavy neutrinos which can decay within the detector.
(iii) A bound independent of the above assumptions
comes from the upper bound on b.p (the deviation of the

p parameter from unity) obtained from LEP data [13].
Using the popular choices of the Higgs fields in the litera-
ture it can be shown that a conservative lower limit on
8'~ is approximately 500 GeV. Models with exotic
Higgs multiplets can, however, evade this bound. In view
of the above discussions we find it reasonable to restrict
our analysis to 8'z +500 GeV. The bound on M& is

R

even more uncertain. The limits from neutrinoless dou-
ble P decay can only restrict M~, M~, and ( V~ )„d (the

R R

u -d element of the right-handed quark mixing matrix)
simultaneously [11,14]. Thus the mass limit always de-
pends on the choice of ( Vz )„d. However, purely from
the theoretical argument of vacuum stability one can
show that M~ ~ M~ [14]. We shall restrict our

R R

analysis to this case.
As we shall discuss below, the main background after

imposing suitable kinematical cuts comes from tt produc-
tion. The main uncertainty in estimating the back-
ground, therefore, arises due to the yet unknown top-
quark mass. The present limits can be summarized as fol-
lows: (i) m, ~91 GeV from direct mass limits from the
Fermilab Tevatron [15]; (ii) m, =140+30 GeV from the
analysis of precision electroweak data from LEP [1,16].
The observation of B Bmixing [1-7] favors a large m„
although the precise value of the lower bound is some-
what model dependent.

The prospect of massive neutrino search via the LSD
signal was considered in Ref. [8] along with the SM back-
ground. However, their background analysis was done
for a top-quark mass of 50 GeV, which now appears to be
unrealistic in view of the above limits. More importantly,
they could explore only a limited range of 8'~ and N~
masses since they did not exploit the most effective
kinematical cut for the suppression of this background,
namely, the one coming from lepton isolation [18]. It is
well known that the angle between a lepton and its ac-
companying jet is necessarily small for leptons arising
from the decays of b and c quarks. Since the SM back-
ground inevitably involves one such decay, it is natural to
expect that it will be severely suppressed by the lepton
isolation cut, while the signal remains essentially
unaffected. In fact, as we shall discuss below, it is a com-
bination of the isolation cut and the pT cut on the lepton
which is most effective in enhancing the signal-to-
background ratio [19]. As a result one can probe a much
larger region of IV+ and Nz masses than shown in [8].
This work is devoted to a systematic exploration of these
mass limits which can be probed at SSC and LHC.

The paper is organized as follows. In Sec. II we briefly

discuss our computation of the signal and background
processes for the LSD cross section. The results are
presented in Sec. III. Our conclusions are summarized in
Sec. IV.

II. THE SIGNAL AND BACKGROUND
PROCESSES FOR LSD

It has already been shown in Ref. [8] that the largest
cross section for the production of right-handed neutri-
nos and the resulting LSD's arises from the process given
in Eq. (1) of the last section. Reactions given in Eq. (2)
also yield LSD's accompanied by four jets. However, the
contribution of this process is significantly smaller over
most of the parameter space of interest, as it involves two
heavy neutrinos in the final state. We shall therefore
focus our attention on reaction (1) in obtaining the region
in the (M~, M~ ) plane that can yield an observable

LSD signature at the SSC or CERN Large Hadron Col-
lider (LHC). In any case, a simultaneous analysis of both
of the above reactions can only improve the conservative
search limits estimated by us. We have done a parton-
level Monte Carlo calculation for the production and de-
cay sequence

ud ~ 8'~+ I++XI, XI~I qq' (4)

We have calculated this production and decay sequence
using the gluon density function of Gluck, Hofmann, and
Reya (GHR) [23] as input. The resulting LSD cross sec-
tion (after applying the kinetic cuts) shows a modest in-
crease with the top-quark mass. The results presented in
the following section correspond to a top-quark mass
m, =150 GeV.

There is a LSD background from the bb production,
arising from the corresponding sequential decay

where the decay is via a virtual 8 z with
B(NI ~ I+qq') =0.5. The relevant formulas may be
found, e.g. , in Ref. [20]. Since the production cross sec-
tion of 8'z (IV~ ) involves the up (down) quark and
down (up) antiquark densities in the proton, the former
dominates over the latter by approximately a factor of 2.
We have therefore computed only the former cross sec-
tion. In computing the cross section we have used the
quark density functions given in Ref. [21], which were
parametrized using the input densities of Diemoz, Fer-
roni, Longo, and Martinelli (DFLM) [22].

In order to make the search scenario not too compli-
cated we have assumed that each heavy neutrino couples
dominantly with one lepton species and have focused on
like-sign lepton pairs of a single species (e+e+ or p+p+ ).
If one assumes that N„ is approximately degenerate in
mass with X, and considers leptons of both types, then
the signal size will simply be enhanced by a factor of 2.
Of course, this would not affect the signal-to-background
ratio.

The most significant background comes from the tt
production and decay processes

gg —+tt, t~bl+v&, t ~b ~cl+vI .
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TABLE I. Expected size of like-sign dilepton (e+e+ or p+p+) cross sections, with pI &40 GeV and
the isolation cut described in the text, for various 8'& and N& masses.

Energy SSC (&s =40 TeV) LHC (&s =16 TeV)

(GeV) 2000 3000I (GeV) 200 1000 1500 300 1000

o++ (fb 46 117 48 12 33

2000 100

16 110

1000

500 900 200

350 30 10

2000

1000 1500

21 8

10
Mw„= l000, 2000
M = l00 200NR

500, l000
900, l500

1 —
I

I

b

Thus a p &
)200 GeV (150 GeV) cut in Fig. 2(a) [2(b)] will

effectively eliminate the background without affecting the
signal. Alternatively one can also separate the signal and
the background from the dilepton invariant-mass distri-
bution shown in Fig. 3. Of course, we do not see any par-
ticular reason to prefer the dilepton invariant-mass distri-
bution over the p distribution of the harder lepton.

We have checked that the LSD background from bb
production and mixing is comparable to that from tt for
the p & 2 & 20 GeV cut. Increasing the cut to p, 2 & 40
GeV, however, suppresses the bb background more
strongly than the tt for the following reason. While for
the tt case one of the decay leptons is hard and isolated
and hence not affected by the increasing p cut, the cut
affects both the decay leptons for the bb case. As a result,
the LSD background from bb is an order of magnitude
smaller than that from tt for the p& 2 &40 GeV cut.
Moreover, the p &

distribution in this case is even softer
than that of the tt background shown in Fig. 2. There-
fore we have not displayed the bb background.

It is clear from the above discussions that the right-
handed neutrino signal can be effectively separated from
the standard model background in the isolated LSD

channel with p & 2 & 40 GeV. Thus, the prospect of heavy
right-handed neutrino search is essentially controlled by
the signal size in this channel. This is shown in Table I
for M~ =2000, 3000 GeV (1000, 2000 GeV) at SSC

R

(LHC) energy. For each WR mass the signal cross sec-
tion is shown for three representative Nz masses in the
range 0 & M~ & M~ . It is clear from this table that one

R R

can explore the bulk of the mass range M& & M~ with
R R

M~ going up to 3000 GeV (2000 GeV) at SSC (LHC),
with the expected luminosity of 10 events/fb. With the
high-luminosity option of 100 events/fb, the LHC search
can also go up to M~ =3000 GeV. Finally, the search

R

can be extended to somewhat larger values of Mz, but
R

only for a limited range of M~ around M~ /2.
R R

The distinctive features of the signal are (1) clustering
of the total invariant mass of the two jets and the two lep-
tons at M~ and (2) clustering of the invariant mass of

R

the two jets with one of the leptons at M& . The right-
R

handed 8' and neutrino masses can be easily obtained
from these mass peaks. For most of the parameter space
of M& the mass peak is expected to show up in the in-

R

variant mass of the two jets with the softer lepton. For
Mz ——M~, however, the lepton produced in association

R R

with Nz becomes softer than the lepton from N~ decay
[Eq. (4)], so that the NR mass peak shows up in the in-

variant mass of the two jets with the harder lepton. This
is illustrated in Fig. 4.

IV. SUMMARY

In the left-right-symmetric models one expects heavy
right-handed neutrinos with mass M& ~M~ . We ex-

R R

plore the prospect of searching for such neutrinos at the
SSC and/or LHC. The most prominent source of Nz
production is via 8'z decay, resulting in a characteristic
signature of like-sign dileptons. The standard model
background to this channel can be eliminated by a com-
bination of lepton p and isolation cuts without any seri-
ous reduction in the signal. Thus the search limit is
essentially controlled by the size of the signal. One ex-
pects a viable signal for most of the mass range
M& &M~, with M~ going up to 3000 GeV at SSC and

R R R

2000 GeV at LHC.
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