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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 CollidéLHC) at CERN.

PACS numbgs): 12.60—i, 14.60.St

I. INTRODUCTION tor boson. This signature was already suggested in models
with a new right weak bosof3] and composite Majorana
The increasing experimental evidence for neutrino oscilneutrinos[4]. In a previous wor5] we have presented es-
lations seems to indicate that physics beyond the standattmates for this process in a model with heavy Majorana
model may be in sight. The combined results from solarneutrinos mixed with standard neutrinos. Here we generalize
atmospheric and laboratory neutrinos, if confirmed, requireour results for the mixing of light and heavy neutrinos and
at least one new light neutrind]. In addition to this pos- present new bounds on mixing angles. As we will discuss in
sible new fourth neutrino, theoretical models must give somesec. 1l, the mixing with new possible heavy singlets makes
explanation of the mass spectrum of neutrinos, as well as gdair production of Majorana neutrinos suppressed relative to
the pattern of mixing angles. This is usually accomplished bya single heavy Majorana production. We have calculated the
variations of the seesaw mechanism, with new heavy neutrgleneral elementary proceg®;—| "W, with [ =e, u, in-

leptons. Many models that have being proposed recently|yding finite-width effects, and discuss experimental cuts
could account for these properties but all of them need furfoy the Large Hadron CollidefLHC) at CERN energies in

ther experimental testf2]. One particular point that still gec. |11 and give our conclusions in Sec. IV.
needs confirmation is the nature of the neutrino fields—

Majorana or Dirac.

In this paper we analyze the production and decay of new
heavy Majorana neutrinos in hadronic collisions. In order to
understand the smallness of neutrino masses, the most likely The key element in our analysis is the mixing between the
mechanism includes at least one new heavy Majorana newtandard light neutrinos and a new heavy one. Recent experi-
trino. These neutrinos could have their origin in many grandnental searches at tleg' e~ collider LEPII at CERN imply
unified models such as in the fundamental 27-pléEgbrin  that these new possible neutral states must have a mass
left-right symmetric models. Here we consider the case ohbove the standad masg6]. This kind of mixing is differ-
new heavy neutral singlets. In practically all these models went from the light-to-light mixing, which seems necessary in
have new interactions, new fermions, and a large Higgs se@rder to explain the standard neutrino properties in solar and
tor. As we have presently no evidence for new interactionsatmospheric phenomena. We work in a scenario where each
we will make the hypothesis that the new neutrino interacfermionic family is enlarged and the mixing occurs with neu-
tions are dominated by the standatdand W weak gauge trinos of the same generation. In the naive seesaw model, the
bosons. Newz’ andW’ are possible but they are known to mixing between light and heavy neutrinos is given By
have a small coupling with the standard fermions. Since=m,/my and it is clearly out of any visible effect. However,
these Majorana fermions can decay in both charged positivihere are many theoretical models which decouple the mix-
and negative leptons, they will give us very clear signaturesing from the mass relatiof7]. The mechanism is very
One interesting signature is given by the production of a paisimple. In the general mass matrix including Dirac and Ma-
of same-sign dileptons accompanied by a charged weak veferana fields one imposes some internal symmetry that

makes the matrix singular. Then the mixing parameter has an
arbitrary value, bounded only by its phenomenological con-

Il. THE MODEL AND BOUNDS ON MIXING ANGLES

*Email address: marroqui@if.ufrj.br sequences. We take this mixing to be described by a single
TEmail address: yara@if.ufrj.br parameter(for each generation with the new heavy states
*Email address: simoes@.if.ufrj.br appearing as isosinglets. The general Lagrangian of this kind
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where the LHC at CERN. We are left then with the possibility of

detecting the Majorana contribution in te€e™ channel.
1 With these bounds we can compare the total cross section
gvlzg\s,'\"— Esinzal, for single and heavy pair neutrino production. The interac-
tion shown in Eq(2.1) implies that heavy pair production is
suppressed if compared with single production of a heavy
gAFQ/S\M_ %sin20| _ 2.2 neutrino, as was shown {i5].

We have considered only the first and second families, since lll. RESULTS

electrons and muons are directly observable particles. The The fundamental production mechanism is given by
=7~ dileptons are also possible, but the associated Majoquark-antiquark annihilation into &/ followed by the single
rana neutrino can be heavier than the corresponding to th@ajorana production and decay, as shown in Fig. 1. At the
other families. Besides that, the final state for tau leptoniqQ HC at CERN center of mass energia@(: 14 TeV) other
decays has to be reconstructed with undetected neutrinos. contributions such as gluon fusion will give a small contri-
The W and Z couplings to standard leptons are well pytion. We have also checked the contribution frofw
known to agree with the experimental data on low-energyysjon which turns out to be small. Let us now discuss the
lepton-hadron scattering, with the high-precisiérdata at  main characteristics of the final state identification. Experi-
CERN and SLAC, as well as with all the charged currentmentaly each charged lepton can be isolated into a cone, with
experiments. This implies that the mixing anglemust be  no accompanying hadrons, in order to eliminate possible
small. It is also well known that the present experimentalmjsidentification from hadron decays. The dominant final
data require standard model quantum corrections in order tgtate W— jets has a sharp kinematical identification in the
compare theory and data. With this in mind, we take thenyariant mass. The leptoni— |, decay can be identified
changes in the physical observables due to new neutringy the totalp; balance with a reconstructed neutrino. The
mixing to be small contributions to the standard model the‘proposed detector®] for the LHC at CERN energies are
oretical results, including first order corrections. Wit planned to have a good leptonic and hadronic resolution, as
and M as fundamental input parameters, the mixing indi-we|| as a wide rapidity coverage. We have estimated the total
c_ated in Eq(2.1) above will imply correct_ions to the ef_fec- cross section fopp—1*1*W* X, applying conservative cuts
tive u-decay constan®,,, charged coupling lepton univer- on the final state. For the charged leptons we considered
sality, Cabbibo-Kobayashi-Maskawa unitarity, and neutraIpT|>5 GeV and a pseudorapidity| < 2.5. For the charged
current interactions. The most stringent boundsfdgrcome  \yeak boson the cutsy] <2.5 andpry>15 GeV were done.
from the effective coupling of th& to the electron neutrino oy the upper bound $i6,=0.0052 our results are shown in
[6] gexpi=0.528+0.085 and'¢y,(Z) =500.1=1.8 MeV,t0  Fig. 2. The analytic expression for the elementary process
be compared with the standard model predictians, qE—>I’I’W* is given in the Appendix. For the proton
=0.5042 andI'd)(Z)=501.7-0.2 MeV. For the muon g crure functions we have employed the MB$Hset[10]
neutrino coupling with th& boson, the Particle Data Group  The standard model background comes mainly from top
quotesg,=0.502£0.017. After a global fit to the data we production and decay via the chairsb—c ;. It is well
have obtained, at 95% confidence level, the upper bounds known [11] that prompt lepton background from heavy
quark decay can be suppressed by a suitable isolation criteria

Sin?6,<0.0052, (2.3 on transverse energy and momentum. This procedure was
applied in an earlier analysj42] of Majorana neutrino pro-
sin20M<0.0001. (2.9 duction. We employed a cut gd&;=80 GeV on the softer

lepton coming from the standard model background. Since
These bounds are more restrictive than an earlier analysisur estimate of mixing angles is more restrictive than previ-
[8]. Since the muon bound is much stronger, the dimuorous values, the signal for Majorana neutrino production will
channel will be much smaller than the dielectron channel fobe suppressed. An alternative to enhance the signal is to
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- - - - - - ' is given by the total hadronic invariant mass in the final state.
— lhe In the heavy lepton production we have the associated pro-
10t b ; mumwe  TEVATRON 7 duction of a singlew boson, with a corresponding peak at
j the W mass. The standard model background has a very dif-
ferent hadronic mass distribution.

We show in Fig. 3 the correlation for the hadronic invari-
ant mass versus final state missing energy variables. We have
applied a cut on the transverse momentum of the least ener-
getic lepton ofpt>35 GeV. Both the signal and back-
ground events were hadronized accordingPtaHIA [14].

The box in Fig. 3 shows the kinematical region of the ex-

pected signal events. We have considered a heavy Majorana
neutrino with mass of 200 GeV. From Fig. 2 for a total cross

section of 1 fb and for an expected luminosity of 100 ¥b

. . . . . . . at LHC we have a total number of 100 events for the signal.
0 100 200 300 400 500 600 700 800 For an invariant hadronic mass in the 60—-85 GeV region, a

M, (GeV) total missing energy less than 12.5 GeV, and the most ener-

getic charged lepton transverse momentum greater than 35

FIG. 2. Total cross section versiy_for LHC at CERN and  GeV, we still have 62 events from the signal, whereas for the

Tevatron at Fermilab energies. standard model background we have only 8 remaining
events. With these cuts, we estimate the ratig's+b,
employ a very distinctive characteristic between the signalvhere s and b are the signal and background number of
and the standard model background: whereas in the Majaevents, to be 7.4. This clearly shows the advantages of ap-
rana neutrino production we have no undetected particles iplying the above procedure for the cuts. For higher neutrino
the final state, for the heavy quark background we have twenasses the total cross section fall requires more stringent
undetected neutrinos in the final state. As a consequencegits on the suggested variables. In this case other kinemati-
there is no missing transverse momentym, for the signal  cal restrictions may be useful. The standard model back-
and for the background there is an averade?] pr  ground can still be reduced one order of magnitude by re-
=50 GeV. A recent analysid 3] of detector possibilities at quiring only two hadronic jets in the final state and by
LHC energies indicates that an error in the missing transincreasing the transverse momentum cut on the charged lep-
verse energy in the 10-20 GeV region is expected. Theons. In Fig. 4 we display the transverse momentum of the
other kinematical difference between signal and backgrounéinal leptons for some values of the Majorana neutrino mass.
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FIG. 6. Normalized invariant mass distributidf,, for My_

FIG. 4. Normalized final lepton transverse momentum distribu-zloo’ 200, 400, and 800 GeV for LHC at 14 TeV.

tions for My =100, 200, 400, and 800 GeV for LHC at 14 TeV. . . .
e reduced by the simple requirement of low missing transverse

. . . energy in the final state, combined with the hadronic invari-
For masses in the 100—-200 GeV region, a hpgheut of 80 rgz\ss peaked around témasss.

GeV strongly reduces the signal but for higher masses there We have also estimated the cross section for the Tevatron

ir(; practically no Cha_nges. For_ e_xample, fany upgrade center of mass energie,§{=2 TeV) at Fermilab
=200 GeV the cross section shown in F|_g(.calc_ulated for with a luminosity of 1000 pb'. For a new possible heavy
pr=5 GeV) is reduce(_j t_)y a factor of 3 if we increase theMajorana neutrino with a mass of 95 GeV we have ten
pr cut to 80 (_SeV. A similar procedure famy =400 Ge\_/ events, applying the following cuts: for the leptons and the
reduces the signal by 20% and fory=800 GeV there is charged weak bosons we uskgl<2.0 andE,>10 GeV.
almost no change. From the expected luminosity at LHC, w e use the bound on the neutrino mixing parametetésin
tookmy=800 GeV as a superior limit in the neutrino mass =0.0052. The number of events falls to 1 for a mass value of
spectrum. For this extreme value ofy only one event is 140' Ge\/ applying the same cuts and mixing angle as be-
expected, with no further cuts, for a luminosity of 100 fo fore ’

This is a poor result from the statistical point of view, but We now turn our attention to the other kinematical char-

this signal has a very interesting characteristic. In Fig. 5 W& teristics of the final state particles. The fill can be

show the distribution for the angle between the two f'n"."lidentified in the channélV— jets or in the leptonic channel.

leptons in the laboratory frame. We can see thqt for heawe{_he distribution for the total invariant maMﬁW=(p|+|O|
masses region the two leptons tend to be emitted back t bw)? is shown in Fig. 6. A better identification of the

back. We can then safely expect that the background can theeavy neutrino mass is given by the invariant mbg,
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FIG. 5. Normalized dilepton angular distribution ofs for FIG. 7. Normalized invariant mass distributiov,,, for My,
My = 100, 200, 400, and 800 GeV for LHC at 14 TeV. =100, 200, 400, and 800 GeV for LHC at 14 TeV.
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FIG. 8. NormalizedW transverse momentum distributions for
MNe: 100, 200, 400, and 800 GeV for LHC at 14 TeV.

Since we have two indistinguishable particles in the final

state, we must take the variahtealz\,\,:(pﬁrpW)2 including
all the combinations between the two leptons andihé&his

PHYSICAL REVIEW D62 075004

probability of being parallel. This is the case also for the
Tevatron at Fermilab withtM=90-140 GeV. For higher
masse$800 Ge\}, they show a preference for being emitted
back to back. Finally we show in Fig. 8 thpgy distribution

for the finalW. This is an important point in order to elimi-
nate any possible standard model background. For lower
neutrino mass a cut not greater than 30 GeV must be done in
order not to lose the signal. For higher massesphg cut

can be safely higher.

IV. CONCLUSIONS

We have presented an analysis of the possibility of detect-
ing new heavy Majorana neutrinos through same-sign dilep-
tons andW detection. The agreement between the standard
model predictions and the present experimental data implies
that the mixing angle between heavy and light states must be
small. For the second family, the upper bound for the mixing
angle implies that the dimuon final state must be suppressed
by one order of magnitude relative to the dielectron channel.
For the Tevatron upgrade gs=2 TeV, we found a detect-
able signal in a small region in the heavy neutrino mass. For
the next LHC the situation is more favorable, allowing an
investigation for new heavy Majorana neutrinos in the range
100-800 GeV. The signal to background ratio can be in-

distribution presents a well-defined peak at the Majorangreased by a combined cut on the invariant hadronic mass

mass, as shown in Fig. 7. The total width for a 100 GeV
neutrino is 0.00065 GeV and for a 800 GeV neutrino is 0-058high
GeV. As mentioned before, another variable that can be use-
ful in the identification of the final state particles is the angle

between the two charged leptons. The distribution foré;os

and low missing energy in the final state instead of a single
7 cut.
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APPENDIX

The elementary cross section for the proaem}—d “I"wW* (i,j=u,d,s,c), can be written a§15]

dojj=A;;{D—C}dLips, (A1)
where
g®UZsinto My,
= (A2)
2

D— p13p23 2, (A3)

Pr(—pi—p2,Mw,Lw)Pr(ps+ps,My;,I'y)

1 2

P24P131T P14P23t | —P1a— P23~ P2sa— P13t P12~ 5 M | P12
- : (Ad)
Pr(—=p1—p2,Mw.Tw)?Pr(ps+ps, My, ) Pr(ps+ps, My, I'ny)
The propagator effects are included via the function

Pr(P,My,I)=(P*~Mp)—i(I'My), k=W,N, (A5)

with | =e,u.

The four-momenta for the quark, antiquark, primary lepton, secondary lepton, and boson are, resppetivelyps, pa,
andps. To simplify our notation we have called the product between two four-momentg,@spm- p,. Finally U;; is the

standard quark mixing matrix.
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