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Signature for heavy Majorana neutrinos in hadronic collisions
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The production and decay of new possible heavy Majorana neutrinos are analyzed in hadronic collisions.
New bounds on the mixing of these particles with standard neutrinos are estimated according to a fundamental
representation suggested by grand unified models. A clear signature for these Majorana neutrinos is given by
same-sign dileptons plus a charged weak vector boson in the final state. We discuss the experimental possi-
bilities for the future Large Hadron Collider~LHC! at CERN.

PACS number~s!: 12.60.2i, 14.60.St
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I. INTRODUCTION

The increasing experimental evidence for neutrino os
lations seems to indicate that physics beyond the stan
model may be in sight. The combined results from so
atmospheric and laboratory neutrinos, if confirmed, requ
at least one new light neutrino@1#. In addition to this pos-
sible new fourth neutrino, theoretical models must give so
explanation of the mass spectrum of neutrinos, as well a
the pattern of mixing angles. This is usually accomplished
variations of the seesaw mechanism, with new heavy neu
leptons. Many models that have being proposed rece
could account for these properties but all of them need
ther experimental tests@2#. One particular point that stil
needs confirmation is the nature of the neutrino fields
Majorana or Dirac.

In this paper we analyze the production and decay of n
heavy Majorana neutrinos in hadronic collisions. In order
understand the smallness of neutrino masses, the most l
mechanism includes at least one new heavy Majorana
trino. These neutrinos could have their origin in many gra
unified models such as in the fundamental 27-plet ofE6 or in
left-right symmetric models. Here we consider the case
new heavy neutral singlets. In practically all these models
have new interactions, new fermions, and a large Higgs
tor. As we have presently no evidence for new interactio
we will make the hypothesis that the new neutrino inter
tions are dominated by the standardZ and W weak gauge
bosons. NewZ8 andW8 are possible but they are known
have a small coupling with the standard fermions. Sin
these Majorana fermions can decay in both charged pos
and negative leptons, they will give us very clear signatu
One interesting signature is given by the production of a p
of same-sign dileptons accompanied by a charged weak
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tor boson. This signature was already suggested in mo
with a new right weak boson@3# and composite Majorana
neutrinos@4#. In a previous work@5# we have presented es
timates for this process in a model with heavy Majora
neutrinos mixed with standard neutrinos. Here we genera
our results for the mixing of light and heavy neutrinos a
present new bounds on mixing angles. As we will discuss
Sec. II, the mixing with new possible heavy singlets mak
pair production of Majorana neutrinos suppressed relative
a single heavy Majorana production. We have calculated
general elementary processqi q̄j→ l 2l 2W1, with l 5e,m, in-
cluding finite-width effects, and discuss experimental c
for the Large Hadron Collider~LHC! at CERN energies in
Sec. III and give our conclusions in Sec. IV.

II. THE MODEL AND BOUNDS ON MIXING ANGLES

The key element in our analysis is the mixing between
standard light neutrinos and a new heavy one. Recent exp
mental searches at thee1e2 collider LEPII at CERN imply
that these new possible neutral states must have a m
above the standardZ mass@6#. This kind of mixing is differ-
ent from the light-to-light mixing, which seems necessary
order to explain the standard neutrino properties in solar
atmospheric phenomena. We work in a scenario where e
fermionic family is enlarged and the mixing occurs with ne
trinos of the same generation. In the naive seesaw model
mixing between light and heavy neutrinos is given byu
.mn /mN and it is clearly out of any visible effect. Howeve
there are many theoretical models which decouple the m
ing from the mass relation@7#. The mechanism is very
simple. In the general mass matrix including Dirac and M
jorana fields one imposes some internal symmetry t
makes the matrix singular. Then the mixing parameter ha
arbitrary value, bounded only by its phenomenological co
sequences. We take this mixing to be described by a sin
parameter~for each generation!, with the new heavy state
appearing as isosinglets. The general Lagrangian of this k
of model is then given by
©2000 The American Physical Society04-1
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L5 (
l 5e,m,t

H 2
g

2A2
@ n̄ lg

m~12g5!lcosu l1N̄lg
m

3~12g5!l sinu l #Wm2
g

2 cosuW
F n̄ lg

m~gVl
2gAl

g5!n l

1
1

2
cosu lsinu l N̄lg

m~12g5!n l1
1

2
sin2u l N̄lg

m

3~12g5!Nl GZm1H.c.J , ~2.1!

where

gVl
5gV

SM2
1

2
sin2u l ,

gAl
5gA

SM2
1

2
sin2u l . ~2.2!

We have considered only the first and second families, s
electrons and muons are directly observable particles.
t6t6 dileptons are also possible, but the associated M
rana neutrino can be heavier than the corresponding to
other families. Besides that, the final state for tau lepto
decays has to be reconstructed with undetected neutrino

The W and Z couplings to standard leptons are we
known to agree with the experimental data on low-ene
lepton-hadron scattering, with the high-precisionZ data at
CERN and SLAC, as well as with all the charged curre
experiments. This implies that the mixing angleu l must be
small. It is also well known that the present experimen
data require standard model quantum corrections in orde
compare theory and data. With this in mind, we take
changes in the physical observables due to new neut
mixing to be small contributions to the standard model t
oretical results, including first order corrections. Withaem
and MZ as fundamental input parameters, the mixing in
cated in Eq.~2.1! above will imply corrections to the effec
tive m-decay constantGm , charged coupling lepton univer
sality, Cabbibo-Kobayashi-Maskawa unitarity, and neu
current interactions. The most stringent bounds onue come
from the effective coupling of theZ to the electron neutrino
@6# gexpt

ne 50.52860.085 andGexpt
inv (Z)5500.161.8 MeV, to

be compared with the standard model predictionsgSM

50.5042 andGSM
inv(Z)5501.760.2 MeV. For the muon

neutrino coupling with theZ boson, the Particle Data Grou
quotesgexpt

nm 50.50260.017. After a global fit to the data w
have obtained, at 95% confidence level, the upper boun

sin2ue,0.0052, ~2.3!

sin2um,0.0001. ~2.4!

These bounds are more restrictive than an earlier ana
@8#. Since the muon bound is much stronger, the dimu
channel will be much smaller than the dielectron channel
07500
ce
he
o-
he
c
.

y

t

l
to
e
o
-

-

l

is
n
r

the LHC at CERN. We are left then with the possibility o
detecting the Majorana contribution in thee6e6 channel.

With these bounds we can compare the total cross sec
for single and heavy pair neutrino production. The intera
tion shown in Eq.~2.1! implies that heavy pair production i
suppressed if compared with single production of a he
neutrino, as was shown in@5#.

III. RESULTS

The fundamental production mechanism is given
quark-antiquark annihilation into aW followed by the single
Majorana production and decay, as shown in Fig. 1. At
LHC at CERN center of mass energies (As514 TeV) other
contributions such as gluon fusion will give a small cont
bution. We have also checked the contribution fromWW
fusion which turns out to be small. Let us now discuss
main characteristics of the final state identification. Expe
mentaly each charged lepton can be isolated into a cone,
no accompanying hadrons, in order to eliminate poss
misidentification from hadron decays. The dominant fin
stateW→ jets has a sharp kinematical identification in t
invariant mass. The leptonicW→ ln l decay can be identified
by the totalpT balance with a reconstructed neutrino. T
proposed detectors@9# for the LHC at CERN energies ar
planned to have a good leptonic and hadronic resolution
well as a wide rapidity coverage. We have estimated the t
cross section forpp→ l 6l 6W7X, applying conservative cuts
on the final state. For the charged leptons we conside
pTl.5 GeV and a pseudorapidityuhu,2.5. For the charged
weak boson the cutsuhu,2.5 andpTW.15 GeV were done.
For the upper bound sin2ue50.0052 our results are shown i
Fig. 2. The analytic expression for the elementary proc
qi q̄j→ l 2l 2W1 is given in the Appendix. For the proto
structure functions we have employed the MRS@G# set @10#.

The standard model background comes mainly from
production and decay via the chaint→b→c ln l . It is well
known @11# that prompt lepton background from heav
quark decay can be suppressed by a suitable isolation cri
on transverse energy and momentum. This procedure
applied in an earlier analysis@12# of Majorana neutrino pro-
duction. We employed a cut ofpT580 GeV on the softer
lepton coming from the standard model background. Si
our estimate of mixing angles is more restrictive than pre
ous values, the signal for Majorana neutrino production w
be suppressed. An alternative to enhance the signal i

FIG. 1. Feynman diagram for the elementary processqiq̄j

→ l 2l 2W1.
4-2
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SIGNATURE FOR HEAVY MAJORANA NEUTRINOS IN . . . PHYSICAL REVIEW D62 075004
employ a very distinctive characteristic between the sig
and the standard model background: whereas in the M
rana neutrino production we have no undetected particle
the final state, for the heavy quark background we have
undetected neutrinos in the final state. As a conseque
there is no missing transverse momentum,p” T , for the signal
and for the background there is an average@12# p” T
.50 GeV. A recent analysis@13# of detector possibilities a
LHC energies indicates that an error in the missing tra
verse energy in the 10–20 GeV region is expected. T
other kinematical difference between signal and backgro

FIG. 2. Total cross section versusMNe
for LHC at CERN and

Tevatron at Fermilab energies.
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is given by the total hadronic invariant mass in the final sta
In the heavy lepton production we have the associated
duction of a singleW boson, with a corresponding peak
the W mass. The standard model background has a very
ferent hadronic mass distribution.

We show in Fig. 3 the correlation for the hadronic inva
ant mass versus final state missing energy variables. We
applied a cut on the transverse momentum of the least e
getic lepton of pT.35 GeV. Both the signal and back
ground events were hadronized according toPYTHIA @14#.
The box in Fig. 3 shows the kinematical region of the e
pected signal events. We have considered a heavy Majo
neutrino with mass of 200 GeV. From Fig. 2 for a total cro
section of 1 fb and for an expected luminosity of 100 fb21

at LHC we have a total number of 100 events for the sign
For an invariant hadronic mass in the 60–85 GeV region
total missing energy less than 12.5 GeV, and the most e
getic charged lepton transverse momentum greater than
GeV, we still have 62 events from the signal, whereas for
standard model background we have only 8 remain
events. With these cuts, we estimate the ratios/As1b,
where s and b are the signal and background number
events, to be 7.4. This clearly shows the advantages of
plying the above procedure for the cuts. For higher neutr
masses the total cross section fall requires more string
cuts on the suggested variables. In this case other kinem
cal restrictions may be useful. The standard model ba
ground can still be reduced one order of magnitude by
quiring only two hadronic jets in the final state and b
increasing the transverse momentum cut on the charged
tons. In Fig. 4 we display the transverse momentum of
final leptons for some values of the Majorana neutrino ma
al
el
FIG. 3. Invariant hadronic mass versus tot
missing momentum for the standard mod
~crosses! and signal~bullets! events with MNe

5200 GeV.
4-3
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For masses in the 100–200 GeV region, a high-pT cut of 80
GeV strongly reduces the signal but for higher masses th
are practically no changes. For example, formN
5200 GeV the cross section shown in Fig. 2~calculated for
pT55 GeV) is reduced by a factor of 3 if we increase t
pT cut to 80 GeV. A similar procedure formN5400 GeV
reduces the signal by 20% and formN5800 GeV there is
almost no change. From the expected luminosity at LHC,
took mN5800 GeV as a superior limit in the neutrino ma
spectrum. For this extreme value ofmN only one event is
expected, with no further cuts, for a luminosity of 100 fb21.
This is a poor result from the statistical point of view, b
this signal has a very interesting characteristic. In Fig. 5
show the distribution for the angle between the two fin
leptons in the laboratory frame. We can see that for hea
masses region the two leptons tend to be emitted bac
back. We can then safely expect that the background ca

FIG. 4. Normalized final lepton transverse momentum distri
tions for MNe

5100, 200, 400, and 800 GeV for LHC at 14 TeV

FIG. 5. Normalized dilepton angular distribution cosull for
MNe

5100, 200, 400, and 800 GeV for LHC at 14 TeV.
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reduced by the simple requirement of low missing transve
energy in the final state, combined with the hadronic inva
ant mass peaked around theW masss.

We have also estimated the cross section for the Teva
upgrade center of mass energies (As52 TeV) at Fermilab
with a luminosity of 1000 pb21. For a new possible heav
Majorana neutrino with a mass of 95 GeV we have t
events, applying the following cuts: for the leptons and t
charged weak bosons we useduhu,2.0 andEl.10 GeV.
We use the bound on the neutrino mixing parameter sin2ue
50.0052. The number of events falls to 1 for a mass value
140 GeV, applying the same cuts and mixing angle as
fore.

We now turn our attention to the other kinematical ch
acteristics of the final state particles. The finalW can be
identified in the channelW→ jets or in the leptonic channel
The distribution for the total invariant massMllW

2 5(pl1pl

1pW)2 is shown in Fig. 6. A better identification of th
heavy neutrino mass is given by the invariant massMlW .

-

FIG. 6. Normalized invariant mass distributionMllW for MNe

5100, 200, 400, and 800 GeV for LHC at 14 TeV.

FIG. 7. Normalized invariant mass distributionMlW for MNe

5100, 200, 400, and 800 GeV for LHC at 14 TeV.
4-4



na

n
eV
5

us
le

s
as

he

d

-
wer
e in

ect-
ep-
ard
lies
t be
ing
sed
el.

For
an
ge
in-
ass
gle

-

r

SIGNATURE FOR HEAVY MAJORANA NEUTRINOS IN . . . PHYSICAL REVIEW D62 075004
Since we have two indistinguishable particles in the fi
state, we must take the variableMlW

2 5(pl1pW)2 including
all the combinations between the two leptons and theW. This
distribution presents a well-defined peak at the Majora
mass, as shown in Fig. 7. The total width for a 100 G
neutrino is 0.00065 GeV and for a 800 GeV neutrino is 0.0
GeV. As mentioned before, another variable that can be
ful in the identification of the final state particles is the ang
between the two charged leptons. The distribution for coull
is shown in Fig. 5, calculated in the hadronic center of m
frame. For lowerMN mass~100 GeV! they have a larger

FIG. 8. NormalizedW transverse momentum distributions fo
MNe

5100, 200, 400, and 800 GeV for LHC at 14 TeV.
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probability of being parallel. This is the case also for t
Tevatron at Fermilab withMN'90–140 GeV. For higher
masses~800 GeV!, they show a preference for being emitte
back to back. Finally we show in Fig. 8 thepTW distribution
for the finalW. This is an important point in order to elimi
nate any possible standard model background. For lo
neutrino mass a cut not greater than 30 GeV must be don
order not to lose the signal. For higher masses thepTW cut
can be safely higher.

IV. CONCLUSIONS

We have presented an analysis of the possibility of det
ing new heavy Majorana neutrinos through same-sign dil
tons andW detection. The agreement between the stand
model predictions and the present experimental data imp
that the mixing angle between heavy and light states mus
small. For the second family, the upper bound for the mix
angle implies that the dimuon final state must be suppres
by one order of magnitude relative to the dielectron chann
For the Tevatron upgrade atAs52 TeV, we found a detect-
able signal in a small region in the heavy neutrino mass.
the next LHC the situation is more favorable, allowing
investigation for new heavy Majorana neutrinos in the ran
100–800 GeV. The signal to background ratio can be
creased by a combined cut on the invariant hadronic m
and low missing energy in the final state instead of a sin
high-pT cut.
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APPENDIX

The elementary cross section for the processqiq̄j→ l 2l 2W1 ( i , j 5u,d,s,c), can be written as@15#

dŝ i j 5D i j $D2C%dLips, ~A1!

where

D i j 5
g6Ui j

2 sin4u lMNl
2

6
, ~A2!

D5
2p14p23

Pr~2p12p2 ,MW ,GW!2Pr~p41p5 ,MNl ,GNl!
2

, ~A3!

C5

p24p131p14p231S 2p142p232p242p131p122
1

2
MW

2 D p12

Pr~2p12p2 ,MW ,GW!2Pr~p41p5 ,MNl ,GNl!Pr~p31p5 ,MNl ,GNl!
. ~A4!

The propagator effects are included via the function

Pr~P,Mk ,Gk!5~P22Mk
2!2 i ~GkMk!, k5W,Nl , ~A5!

with l 5e,m.
The four-momenta for the quark, antiquark, primary lepton, secondary lepton, and boson are, respectively,p1 , p2 , p3 , p4,

andp5. To simplify our notation we have called the product between two four-momenta aspmn5pm•pn . Finally Ui j is the
standard quark mixing matrix.
4-5
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