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ABSTRACT

Heavy neutrinos can be discovered at LHC. Many extensions for Standard Model predict the existence of a new neu-
trino which has a mass at high energies. B-L model is one of them which predict the existence of three heavy (right-
handed) neutrinos one per generation, new gauge massive boson and a new scalar Higgs boson which is different from
the SM Higgs. In the present work we search for heavy neutrino in 4 leptons + missing energy final state events which
are produced in proton-proton collisions at LHC using data produced from Monte Carlo simulation using B-L model at
different center of mass energies. We predict that the heavy neutrinos pairs can be produced from Z,, new gauge

neutral massive boson decay and then the heavy neutrino pairs can decay to 4 leptons + missing energy final state which

give us an indication for new signature of new physics beyond Standard Model at higher energies at LHC.
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1. Introduction

Standard Model of elementary particles needs an exten-
sion to explain some facts. One of these facts is that the
neutrinos are massive. B-L model (baryon number minus
lepton number), [1] is a simple extension of the Standard
Model which plays an important role in various physics
scenarios beyond the Standard Model (SM). Firstly, the
gauged U(l) B-L symmetry group is contained in a
Grand Unified Theory (GUT) described by a SO(10)
group. Secondly, the scale of the B-L symmetry breaking
is related to the mass scale of the heavy right-handed
Majorana neutrino mass [2,3], terms providing the well-
known see-saw mechanism of light neutrino mass gene-
ration. Three heavy singlet (right-handed) neutrinos vy
are invoked. B-L symmetry breaking has been consi-
dered, based on the gauge group. The model under con-
sideration B-L symmetry-breaking is based on the gauge
group

Gy =SU(3) xSU(2), xU(1), xU(1),

This model provides a natural explanation for the pre-
sence of three right-handed neutrinos, [4] and can ac-
count for the current experimental results of the light
neutrino masses and their mixings. The heavy neutrinos
are rather long-lived particles producing distinctive dis-
placed vertices that can be seen in the detectors. Lastly,
the simultaneous measurement of both the heavy neu-
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trino mass and decay length enables an estimate of the
absolute mass of the parent light neutrino. An attractive
feature of the B-L model is that a successful realization
of the mechanism of baryogenesis through leptogenesis
to explain the observed matter-antimatter asymmetry
depends on two main parameters, the mass of Z, , and
the coupling constant g;. Therefore, the model B-L is
controlled by two parameters: The mass of the Zj ,
and the coupling constant @, determining Z, , coup-
lings [5,6]. Two experimental constraints exist on these
two parameters. The first comes from direct search for
heavy neutral gauge bosons at the Fermi Lab. which
excludes a Zj , mass less than 600 GeV. The second li-
mit comes from LEP

M Zg L
—>=2>6Tev €))
9
This constraint will provide an upper bound to the
Z, . production cross sections at the LHC. Table 1
gives the quantum numbers in the B-L model.
For the heavy neutrino masses M, we will take them
to be degenerate and relatively light, varying in the range

50 GeV <M, <500 GeV

For this analysis of the heavy neutrino of B-L model
we have chosen different values of Z; , masses and
0, =0.2 and different LHC center of mass energies.
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Tablel. Y and B-L quantum number assignation to chiral
fermionsand scalar fields.

v SU (3)c SU (), Y B-L
qL 3 2 1/6 1/3
UR 3 1 2/3 1/3
dr 3 1 -1/3 1/3
1 1 2 -1/2 -1
eRr 1 1 -1 -1
Vr 1 1 0 -1
H 1 2 12 0
x 1 1 0 2

2. Results

2.1. Branching Ratios of Heavy Neutrinos

The heavy neutrino has a small mixing with the light
neutrino and so it provide very small couplings to gau-
ge and Higgs bosons which gives all the decay channels
of Vi

v, > W +I*
vV, > Z+V

v, > H, +v
v, > H, +v

Figure 1 presents all branching ratios for the different
decay channels versus different heavy neutrino masses.
B-L model includes H, SM-like Higgs boson and H,
heavy Higgs boson. One can notice from this Figure that
the ratio of the decay channel BR (v, = W* + [Y) is the

highest ratio in comparison with the other decay channels.

Also, the ratio of the decay channel BR (v, »> H; + v)
increase with increasing the heavy neutrino mass and the
decay channel v, - z + v has a high percent level at
heavy neutrino mass of 200GeV. The ratio of vy, —> H, +
v decay channel is very small and we can neglect it.

2.2. Production Cross Sections

In this section we determine the production cross section
of heavy neutrino discovery at LHC for various CM en-
ergies, 5,7,10 and 14 TeV using MadGraph5/MadEvent
and PYTHIAS programs. We consider the production
channel of heavy neutrino pair production via the Zj
boson decay. The distinctive features of the B-L model
take place because the heavy neutrinos decay predomi-
nantly to SM gauge bosons in association with a lepton
(either charged or neutral, depending on the electrical
nature of the SM gauge boson). Also, once heavy neu-
trinos are pair-produced via the Z; , boson, they give
rise to novel and spectacular multi-lepton decay modes
of the intermediate boson. Thus the rate for the pair pro-
duction of the heavy neutrinos depends on the mass of
the Z; , and the strength of the B-L coupling ¢ .

The pair production of heavy neutrino via Zj ; gau-
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ge boson exchange in the s-channel has the following
Feynman diagram (Figure 2)

’
PP > Zp >V,

The process pp —> Z,_ , — Vv, v, can be tested at the
LHC (for Vs =5,7,10 and d 14 TeV CM energy) if we
take the value of the total integrated luminosity 1 fb™'
and take the maximum value of the cross section to be
180 fb for mass of Z, , =700 GeV and g, = 0.2. For
mass of v, = 100 GeV as in Figure 3 we can say that
approx. 180 events are produced according to the relation

N=Lo )
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Figure 1. Heavy neutrino branchingratios versusits mass at
M, =120GeVand M, =450GeV andg'i=0.2.
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Figure 2. Feynman diagram for Heavy Neutrino pair pro-
duction.
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Figure 3. Heavy neutrino pair production cross sections s at
the LHC (for Vs=5,7,10 and 14 TeV, Zj, mass= 0.7 TeV

and g =0.2).
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where N is the number of events and L is the total inte-
grated luminosity and s is the production cross section.
Also we can deduce from Figure 3 that the production
cross section depends on the Zj , boson mass and the
value of the g'; coupling and as we will see later in addi-
tion to the LHC CM energy.

Figure 4 shows that When Z; | mass is 1 TeV and
LHC CM energy is 10 TeV and ¢, = 0.2 the maximum
production cross section is 45 fb. Comparing this by
Figure 3 we find that the cross section is 180 fb at Z; |
mass 0.7 TeV and g, = 0.2, hence the cross section of
the heavy neutrino pair production depend on Z; |
mass and decrease with the increase of Z; ;| mass.

Similar results are shown in Figures 5 and 6. From
Figures 3-6 we note that the production cross section de-
crease with increasing Z; , mass at fixed value of g .
So the production cross section is enhanced due to the
resonant contribution from the Zj , exchange in the s-
channel but falls rapidly with increasing heavy neutrino
mass. Figure 7 shows the behavior of the cross section for
different values of the coupling constant and energies.
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Figure 4. Heavy neutrino pair production cross sections s at
the LHC (for ¥s=5,7,10 and 14 TeV, Z,, mass= 1 TeV

and g =0.2).
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Figure 5. Heavy neutrino pair production cross sections s at
the LHC (for Vs=5,7,10and 14 TeV, Z;3_L mass=1.5TeV
and g'1=0.2).
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Figure 6. Heavy neutrino pair production cross sections s at
the LHC (for \s=5,7,10 and 14 TeV, Z, mass=2TeV

and g =0.2).
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Figure 7. Heavy neutrino pair production cross sections at
the LHC for different values of g'; (for Vs =5, 7,10 and 14
TeV, Z, mass=15TeV).

The dominant production mode for the heavy neutri-
nos at the LHC will be through the Drell-Yan mechanism
[10] with Zj_, in the s-channel.

3.3. Heavy Neutrino Decays

The detection of the signal coming from the pair pro-
duction of the heavy neutrinos in the B-L model at LHC
will be through very clean signal for four charged leptons
in the final states and missing energy due to the associ-
ated neutrinos. The first heavy neutrino dominant decay
is to a W' boson and a charged lepton here is ¢ and the
second heavy neutrino decays to Z boson and a light neu-
trino. We can have the following final states as our signal
(see Figure 8 below)

pp—oZ, vy, >y pee +E 3)

In our simulation for heavy neutrino detection at LHC
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QCD=0, QED=6

Figure 8. Feynman diagram for heavy neutrino pair pro-
duction and itsdecay in B-L model.

using MadGraph5/Madevent and PYTHIAS8 we will put
some kinematics cuts to be taken into account when se-
lecting the final states with four leptons and missing en-
ergy (momentum):

1) For the charged leptons momentum and pseudo ra-
pidity we take:

pr>20GeV and |n|<2.5

2) The minimum missing transverse energy cut is
E >20 GeV

3) For resolving different leptons in the detector we
put

AR, 202

4) The minimum cut for the invariant mass for lepton
pair will be

M. >10GeV
and for our simulation we choose the total integrated
Luminosity:

j Ldt=1fb"

We will plot the various kinematics distributions for
the signal arising from the process satisfying the above
selection cuts for two different values of heavy neutrino
masses at LHC Vs = 14 TeV CM energy Z, , mass =
1.5TeVandg;=0.2

Also to simulate our process to produce final state with
four charged leptons and missing energy at LHC by us-
ing PYTHIAS we use the following commands after ge-
nerating matrix elements for this process by Mad Gra-
ph5/Madevent generator:

PartonLevel: all = On

PartonLevel: MPI = On Open multiparton interact-
tions

PartonLevel: ISR =On Open Initial State Radiation

PartonLevel: FSR =On Open Final State Radiation

HadronLevel:Hadronize = On Open for hadroniza-
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tion
Turn off all decay channels for Zj
900032: onMode = off
Open the decay channel for Z , for pair heavy neu-
trino productions only otherwise turn off.
900032: onlfAll =910012 910012
For first daughter of Z;, , decay (first heavy neutrino)
we use these commands:
Turn off all decay channels for vy,
910012: onMode = off
Turn off all decay channels for vy,
Open the decay channel for v;, for W boson and elec-
tron only otherwise turn off.
910012: onlfAll=-24 11
Turn off all decay channels for W boson
—24: onMode = off
Open the decay channel for W boson for positron and
electron neutrino only otherwise turn off.
—24: onlfAll=-11 12
For second daughter of Z'BfL decay (second heavy
neutrino) we use these commands:
Turn off all decay channels for vy,
910012: onMode = off
Open the decay channel for vy, for Z boson and elec-
tron
Neutrino only otherwise turns off
910012: onlfAll =23 12
Turn off all decay channels for Z boson
23: onMode = off
Open the decay channel for Z boson to muon and anti-
muon
Only otherwise turn off.
910012: onIfAll =13 -13
After executing these commands we get the final state
for every event with four charged leptons and missing
energy:
upuee +E
From Figure 9 we note that there is a clear peak for
M _ . invariant mass for two muons curve where the Z
boson mass decay in our simulation process to muon
pairs through the Drell Yang mechanism. Z boson pro-
duction basically comes from decay of one heavy neu-
trino. The peak values in Figure 9(a) and (b) are the
same for two different heavy neutrino mass 200 GeV and
400 GeV.Hence,from heavy neutrino decay we can re-
construct the mass of Z boson. Another curve is given in
Figures 9(a) and (b) which represent the invariant mass
of the different leptons Me+ . . The electron comes from
the primary decay of the hegvy neutrino and the positron
come from weak gauge bosons W while the muons come
from the weak gauge bosons Z. Figure 10 represent the
transverse momentum for different leptons (electron and
muon) produced for the decay of different heavy neutrino
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Figure 9. Distribution n of the invariant mass of the charged lepton pairsin the final state (a) for heavy neutrino mass = 2000
GeV and (b) for heavy neutrino mass = 400 GeV for LHC Vs=14 TeV CM energy, Z,, mass=15TeVandg =0.2.
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masses and we note that the electron has a higher mo-
mentum than muon where the electron comes from pri-
mary decay of the heavy neutrino while the muon comes
from the Z boson decay which basically comes from one
of heavy neutrino pair.

The missing Pr distribution in Figure 11 represents
the light neutrinos in the final state where one light neu-
trino come from the primary decay of the heavy neutrino
and another one comes from W boson decay and these
two light neutrinos act as missing energy from heavy
neutrino pair decay.

4. Conclusion

In this work we have presented an analysis For LHC
discovery potential for the heavy neutrino in TeV scale
using B-L extension of the SM. We analyzed the phe-
nomenology using Monte Carlo simulation data pro-
duced from MadGraph5/Madevent, PYTHIAS and Cal-
chep and we used ROOT data analysis program to pro-
duce different curves for the relationship between spe-
cific parameters. From our simulation for this process
one can search for heavy neutrinos via a very clean sig-
nal for four charged leptons and missing energy at LHC.
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