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Right-handed (RH) Majorana neutrinos play a crucial role in understanding the origin of neutrino mass,
the nature of dark matter and the mechanism of matter-antimatter asymmetry. In this work, we investigate
the observability of heavy Majorana neutrino through the top quark neutrinoless double beta decay process
t = b T jj at hadron colliders. By performing detector level simulation, we demonstrate that our
method can give stronger limits on the light-heavy neutrino mixing parameters |V, ,y| in the mass range
of 15 GeV < my < 80 GeV than other existing collider bounds.

DOI: 10.1103/PhysRevD.101.071701

I. INTRODUCTION

The discovery of neutrino oscillations in solar, atmos-
pheric, reactor, and accelerator experimental data indicates
that neutrinos are massive and mixed [1]. This stands for a
robust evidence for new physics beyond the Standard
Model (SM). The seesaw mechanism provides a natural
framework for generating a small Majorana neutrino mass
[2-12]. There are many models that could incorporate the
Majorana mass, such as SO(10) supersymmetric (SUSY)
grand unification [13—15] and other grand unified theories
(GUT) [16-18], which naturally links the tiny neutrino
masses with new physics at the GUT-scale. Thus, the
typical scale for heavy Majorana neutrino mass M in GUT
is of order the GUT scale.

Among various seesaw models, the Type-I seesaw
extension of the SM is the simplest version, in which three
singlet RH neutrinos (Ng,) are included [2-5]. The full
mass term of neutrinos can be written as,
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=Ly = YigLk i ®PNgg + 3 (MN),I/,NI%NR/; +He, (1)

where i = 1, 2, 3 is the generation index and a = e, y, 7 is
the RH neutrino flavor index. After the electroweak
symmetry breaking, the neutrino mass matrix in the flavor
basis {t§., Ng,} is given by,

MU:< 0 MD). (2)

M), My

The diagonalization of Eq. (2) leads to the mixing between
light and heavy neutrinos. Then, the light-flavor neutrinos
v;; can be expressed as a combination of light and heavy
mass eigenstates,

3 6
vip = 2:21 Uit + ; VimNoup» (3)

where the mixing matrices U and V satisfy the unitary
condition UU' + VVT = I. If My is of order GUT-scale,
the light-heavy neutrino mixing parameters V2, ~ M /My
are usually too tiny to produce sizable effects in various
physical processes. However, if M is allowed to be much
lower, then the induced effects of such heavy Majorana
neutrinos can be searched for in some existing experiments.
Therefore, it is crucial to explore the possibilities of
implementing seesaw mechanism at low energies from
both theoretical and experimental researches.

Recently, many low-scale Type-I seesaw scenarios (see
examples, [19-28]) have been proposed, in which M may
be accessible in foreseeable experiments [29-39]. This
provides an unique opportunity to test the link between the
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origin of neutrino mass and the observed matter-antimatter
asymmetry via the leptogenesis at colliders (for a review,
see, e.g., [40]). As can be seen from Eq. (1), generating
Majorana neutrino masses will at the same time lead to
violation of lepton number by AL = 2. The lepton-number-
violation (LNV) processes can serve as smoking gun to test
the mechanism of neutrino mass generation. One promising
probe for Majorana neutrino is through the neutrinoless
double beta decay (Ouvpf) [41,42], which gives the most
stringent bound on the mixing parameter V,y [43]. By
fitting the electroweak precision observables, the mixing
parameters V,y and V_y [44] can be constrained tightly. In
addition, a variety of low energy processes with AL = 2
can also be used to probe Majorana neutrinos (see example,
[36]), such as decays of 7, mesons (x, K, etc.) [45-48] and
hyperons (%, E, etc.) [49,50]. However, these low-energy
observables cannot completely prove the Majorana nature
of heavy neutrinos because models with pseudo-Dirac
heavy neutrinos can also produce the same effects (see
example, [51]). Therefore, it is essential to perform an
independent direct search for heavy neutrinos at colliders.

Heavy neutrinos that have masses below TeV scale in the
low-scale Type-I seesaw can be directly produced at
colliders (for a review, see e.g., [38]). By searching for
the process ete” = N(=¢W,v, Z, v, H)vy,, the LEP
experiment puts a 95% C.L. upper limit on the mixing
parameter |V,y ,v|* < O(107) in a heavy neutrino mass
range between 80 and 205 GeV [52]. Recently, the CMS
collaboration has performed searches for heavy Majorana
neutrinos through the Drell-Yan process gg —» W* — N¢
and photon initial process yg — W*q' — N£q' in trilepton
and same-sign dilepton final states, which give the current
stringent limits on |V,y |* from O(107) to unity in
the masses of heavy neutrinos between 20 GeV and
1600 GeV [53,54].

As a top-rich environment, the Large Hadron Collider
(LHC) can produce copious top quark events and may give
a good opportunity to test the low-scale seesaw models
[55-57]. In this work, we will demonstrate that the top
quark neutrinoless double beta decay process t — bjjf ¢+
(see Fig. 1) provides a new way to search for the
GeV scale-electroweak scale heavy Majorana neutrino,
which will give the signature of the same-sign dilepton
plus multijet through 77 production at the LHC. In the
following calculations, we will show that our strategy has a
better sensitivity of probing the light-heavy neutrino mix-
ing parameter V,y than other existing methods when
15 GeV < my <80 GeV.

II. SEARCH FOR 0vgf DECAY OF TOP QUARK

As a phenomenological study, we will parametrize the
low-scale Type-I seesaw as a single RH Majorana neutrino
mass scale My and a single flavor light-heavy neutrino
mixing V;y. Such a framework allows us to remain agnostic

Br(t->b/*I"qq")
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FIG. 1. Normalized branching ratio of top rare decay
t— bltltqq.

of the detailed UV-physics, yet still capture the feature
of low-scale Type-I seesaw. The effective interactions
between Majorana neutrinos and charged leptons in the
mass eigenstates is given by,

c :—ﬁivijw,jziym —ys)NS+He,  (4)
In our study, we assume that the mixing effects in other
flavors ¢’ # ¢ are subdominant. This will enable us to
derive generic bounds on the mixing parameter, which can
be translated or scaled appropriately in the context of
particular neutrino mass models. Besides, we will focus on
the semileptonic decay of the W boson, because it is
impossible to determine whether the leptonic channel is
induced by the Majorana neutrino.

In Fig. 1, we present the dependence of the normalized
branching ratio of the top rare decay channel 1 — blTITqq’
on the Majorana neutrino mass my, where the effective
mixing C;; = |VinVinl?/ D ize e |Viw|?. From Fig. 1, we
can find that the normalized branching ratio can be as large
as 107 to 1072 when 15 GeV < my < my,. With the
increase of my, the branching ratio will decrease rapidly
due to the suppression of phase space. As such, we will
focus on the kinematical region of my < my in our study.

In order to understand the mass generation mechanism
and flavor structure of neutrino sector, it is essential to
measure the mixing parameter and mass of each kind of
neutrino at the LHC. It should be noted that the limit on the
mixing parameter |V y|?> strongly depends on the identi-
fication of same-sign di-tau, which is quite difficult and has
low efficiency in the realistic collider simulation at the
LHC. Therefore, we estimate that the current LHC sensi-
tivity for the mixing parameter V,y (£ = e,u) can be
improved significantly for the heavy neutrino mass range of
interest, i.e., 15 GeV < my < my. Then, we will carry out
the Monte Carlo simulation of the following signature,

pp = 1t —2b+ 6T +4j (5)
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FIG. 2. Kinematical distributions of signal pp — £*#* + 2b 4 4;j and backgrounds 7, tfW* and W*W*+jets at 14 TeV LHC. The

benchmark point is my, = my, =15 GeV and Vo =V, y = 1.

where t — b£V¢Tjj and 7 — bjj. The contribution of

the process pp — 1t = 2b + ¢~¢~ +4j is also included.

Since there are two same sign leptons (2SSLs) plus

multijets in our signal, the main SM backgrounds include:

(i) multiple prompt leptons: they mainly come from

events with two vector bosons, such as W W+ + jets

and 1fW*. Besides, the processes of WZ + jets and

ZZ + jets can lead to 2SSLs, if one or more of the
leptons fail the reconstruction or selection criteria.

(i1) misidentified leptons: The fake leptons can be mis-
identified hadrons that are from heavy-flavor jets.
These fake leptons are generally less isolated than a
prompt lepton from a W/Z boson decay. The main
contribution arises from ¢ events.

(iii) sign mismeasurement: The events that have two
opposite-sign leptons with jets could contaminate
our signal due to the mismeasured sign of leptons.
But the mismeasurement rate of the sign of an
electron or muon is usually small, which will be
not considered in this analysis.

Besides, it should be mentioned that the leptons arising
from b and ¢ decay can also mimic our signals because of
the large heavy flavor production cross section. However,
these leptons are usually too soft to satisfy our criterion
of two prompt same sign leptons with pry > 10 GeV.

According to the CMS analysis, their contributions are
expected to be negligible [54].

We generate the parton-level signal and background
events by using MadGraph5_aMC@NLO [58]. Within the
framework of CheckMATE2 [59], we then implement parton
showering and hadronization by PYTHIA-8.2 [60], while the
detector effects are simulated by tuned DELPHES3 [61]. Jets-
clustering is done by FASTJET [62] with the anti-k, algorithm
[63]. In the simulation we assume a 70% b-tagging
efficiency. To include the higher order QCD corrections,
we normalize the leading order cross sections of 7 and ff W=+
to their NNLO and NLO values, respectively [64,65].

In Fig. 2, we present the kinematical distributions of the
signal and SM background events at the 14 TeV LHC. We
can see that the backgrounds #7 and ffW* have less events
with same-sign muons than our signal (top-left panel).
Since there are no neutrinos in our signal process, the
missing transverse energy [, of the signal events are
smaller than that of background events (top-right panel).
Besides, we note that the two same-sign muons in the
signal events come from the decay of the same top quark
and hence tend to be closer. While two muons in the
backgrounds arise from the decays of different parent
particles. Thus they separate from each other, which can
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be seen in the distribution of AR,, (lower-left panel).
Furthermore, the reconstruction of top quark also plays
an important role in discriminating the signal from back-
grounds. To do so, we present the cluster mass m;z¢, in
which the leading b jet and two soft jets are used. This is
because the jets from the top five-body decay 1 — b £t jj
are averagely softer than those in the top quark decay
t — bjj. We can see that most of the signal events distribute
around my iz, ~ 200 GeV, which can be used to suppress
W*W=*4jets background events.

According to the above discussions, we apply the
following cuts to select the signal events in our analysis:

(1) Cut-1: We require a pair of same-sign leptons in the

final states. Each of the leptons should satisfy
pr(?) > 10 GeV and |n| < 2.8.

(i) Cut-2: At least 6 jets with py(j) > 15 GeV and

|| < 3.0 in the final states are required.

(iii) Cut-3: The missing transverse energy is required to

satisfy Fr < 25 GeV.
(iv) Cut-4: We also require two lepton separation to be
0.4 < AR,, < 2.5, as well as the lepton-jet separa-
tion AR,; > 0.4 and jet-jet separation AR;; > 0.4.

(v) Cut-5: We demand at least one b-jet with pr(b) >
20 GeV in the final states.

(vi) Cut-6: We require the reconstructed invariant mass

my;ice lie in the range of [130,350] GeV.

In Table I, we show the cutflow of cross sections of the
signal process pp — £*¢* +2b+4j and background
processes pp — t, ttW*, WW +jets at the 14 TeV
LHC. It can be seen that the 77 process is the dominant
background, which is followed by 77W* process. After
imposing the requirement of same-sign muons, the cross
section of 77 process is reduced to the same order as that of
signal process. Then, the small £ < 25 GeV, large jet
multiplicity N(j) > 6 and 0.4 < AR < 2.5 conditions fur-
ther suppress the cross sections of all backgrounds by an
order of O(10%). In the end, the cluster mass cut will
remove the WW 4 jets background events and reduce the
tW* background events to a negligible level. Thus with
the above cuts, we expect we can have a promising

TABLEI. Cutflow of cross sections of the signal process pp —
£¥¢* +2b+4j and background processes pp — tf, tiW*,
WW + jets at the 14 TeV LHC. The cross sections are in the
unit of pb. The benchmark point is chosen as my = 15 GeV and
Ven = 1.

1t AW+ WW + jets signal
Cut-1 8.83 290x 1072 3.25x 1073 22.7
Cut-2 0.891 470%x 1073 1.88x 107* 6.48
Cut-3 0.128 395x 107  1.12x107° 2.95
Cut4 740x1072 239x10™* 523x10°° 2.35
Cut-5  4.66x1072  1.66x 107  7.27 x 1077 1.97
Cut-6  338x1072 1.10x10™* 1.45x1077 1.35

sensitivity of probing our parameter space because of very
few background events.

In order to estimate the signal significance (a), we adopt
the following formula,

a=S/\/B+ (BB)’ (6)

in which § and B stand for number of signal and back-
ground events after our cuts, respectively. £ is the inte-
grated luminosity of the collider. It should be mentioned
that the main systematic uncertainty is related to the
misidentified-lepton backgrounds. By combining other
sources, we include a systematic uncertainty of f = 5%
in our calculations.

In Fig. 3, we present 26 exclusion limits of the signal
process pp — tt — u*u* + 2b +4j on the plane of my
Versus |V”N|2. To compare our results with others, we also
plot the limits from electroweak precision measurements,
LEP search for neutral heavy leptons produced in Z decays,
and LHC searches of same-sign leptons and trileptons
events. It can be seen that the light-heavy neutrino mixing
parameter |V,y|* > 2.5 x 107 can be excluded at 20 level
in the masses of heavy neutrinos between 15 GeV and
80 GeV at 13 TeV LHC with the luminosity of 36 fb~!,
which is stronger than other existing bounds. Such a limit
will be further improved to |V ,y|* > 2.3 x 107° at future
HL-LHC with the luminosity of 3000 fb~'.

Besides, we also studied the sensitivity of the electron
channel pp — e*e® +2b +4;j in Fig. 4. The exclusion
limits on the mixing parameter |V,y/|? is of the same order
as |V,y|?, which is [V,y|* > 1.1 x 1076 at 13 TeV LHC
with the luminosity of 36 fb~! and |V, y|* > 7.2 x 1077 at
the HL-LHC. This bound is weaker than that from the

1074 |- S

S e \
L[
pp - Pt +2b+4j
[This work]

1076 |- T /s =13TeV, L=36fb"", p=5%
— s =14Tev, L=3ab™", p=5%

2
|VuN |
’

107 L P B R L P | L P
1 5 10 50 100 500

my [GeV]

FIG. 3. The contour of 26 exclusion limits from search of signal
events pp — 2u* + 2b + 4j on the plane of my versus |V,y|*.
Other limits are also shown: the electroweak precision measure-
ments [44], search for neutral heavy leptons produced in Z decays
at LEP [52], and searches of same-sign leptons [53] and trileptons
events [54] at the LHC.
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FIG. 4. Same as Fig. 4, but for the signal process pp —

2e* +2b+4j. The indirect constraint from the search of

neutrinoless double beta decay with the GERDA experiment
[43] is plotted as well.

current GERDA search of neutrinoless double beta decay
of 7%Ge [43]. However, it should be mentioned that Ov3p
constraint is usually model dependent. For example, there
is no such a limit in models with nearly degenerate heavy
Majorana neutrinos [66]. Also, in radiative neutrino mass
models, the cancelation effects between different ampli-
tudes induced by the Majorana phase [67] can significantly
weaken this bound. Therefore, it is still necessary to
analyze the electron channel while performing a comple-
mentary search for heavy neutrinos at colliders.

Finally, we comment that our analyses have not included
pileup effects. In a fully realistic analysis it is important to
include the effects from pileup and the effects of applying
the appropriate pileup removal techniques [68—70]. For the
analyses presented in this paper, however, events are

selected with two hard same-sign leptons so we expect
such additional considerations will not significantly alter
the results.

III. CONCLUSIONS

Many low-scale Type-I seesaw models predict the heavy
neutrinos below TeV scale. In order to test the mass
generation mechanism and flavor structure of neutrinos
in these models, it is crucial to measure the light-heavy
neutrino mixing parameters V;y and masses of heavy
neutrinos My. In this paper, we proposed to probe the
heavy Majorana neutrino in top quark neutrinoless double
beta decay through 7 production process, which gives a
distinctive signature £+¢* + 2b + 4 at the LHC. After
performing the detector level simulation, we find that the
mixing parameters |V, y|*> > 1.1 x 107 and |V,y|* >
25%x107% in the mass range of 15 GeV < my <
80 GeV can be excluded at 20 level at 13 TeV LHC with
the luminosity of 36 fb~!, which have surpassed other
existing collider bounds. The future HL-LHC will further
improve these limits. Therefore, we conclude that searching
for the neutrinoless double beta decay of top quark will
provide a new better way to probe the heavy Majorana
neutrino in the mass range of 15 GeV < my < 80 GeV at
the LHC.
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