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We develop a search strategy for a heavy Majorana neutrino via the lepton number violation signal
process pe− → μþjjj at future electron-proton colliders. The signal and dominant standard model
background events are generated with a fast detector simulation. We apply the preselection criteria and
perform a multivariate analysis based on machine learning to reject the background. Distributions of
representative kinematic observables are presented for both signal and background processes, and effects
on final limits are compared by inputting two different sets of observables when performing multivariate
analysis. The 2σ and 5σ limits on the mixing parameter jVlN j2 are predicted for the heavy neutrino mass
mN in the range of 10–1000 GeV. At the LHeC (FCC-eh) with an electron beam energy of 60 GeV, a proton
beam energy of 7 (50) TeV, and an integrated luminosity of 1 ð3Þ ab−1, the mixing parameter jVlN j2 can be
constrained to be below ∼3.0ð1.0Þ × 10−6 for mN around Oð100Þ GeV at 2σ level. The limits are much
stronger than the current experiment limits at the LHC formN above 30 GeV. The positron signal final state
and the effect of long-lived cases of heavy neutrinos are also checked and commented.
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I. INTRODUCTION

The neutrino oscillation experiments [1–6] have proved
that neutrinos in the standard model (SM) have very tiny
masses. Because of the lack of right-handed neutrinos in
the SM, the Dirac mass terms cannot be formed as other
fermions in the Lagrangian, and the SM needs to be
extended to explain their nonzero masses. One important
solution is the seesaw mechanism [7–17], where new gauge
singlet right-handed neutrinos NR are introduced and
masses of active neutrinos are generated by mixing SM
left-handed neutrinos νL with right-handed neutrinos NR,
resulting in heavy mass eigenstates N that have small SM
νL components. Therefore, searches for heavy neutrinos are
crucial to verify the seesaw mechanism and explore the
origin of neutrino masses.
At colliders, such heavy neutrinos are usually also called

heavy neutral leptons and are extensively searched relying
on their effective couplings to SM gauge bosons via their
mixing with SM neutrinos. In theory, the production cross
section, decay width, and lifetime of N depend on its mass
mN and the parameter jVlN j2, which is related to the matrix

element describing the mixing of N with the SM neutrino
of flavor l. Therefore, limits for such searches are usually
given in the plane of the mixing parameter jVlN j2 vs the
heavy neutrino mass mN . Summaries of collider searches
of heavy neutrinos can be found in Refs. [18–23], and
references therein.
References [24–31] are recent experimental studies on

heavy neutrino searches. Among them, the CMS
Collaboration has analyzed the data with center-of-mass
energy

ffiffiffi
s

p ¼ 13 TeV and an integrated luminosity of 35.9
[24,25] and 137 fb−1 [26]. Reference [24] searched for a
heavy Majorana neutrino in the trilepton signal process
pp → Wð�Þ → lN → lðlWð�ÞÞ → lðllνÞ, and limits are
applied on both jVeNj2 and jVμN j2 for the heavy neutrino
mass range between 1 GeV and 1.2 TeV. Reference [25]
searched for a heavy Majorana neutrino in the same-sign
dilepton channelWð�Þ →l�N→l�ðl�Wð�ÞÞ→l�ðl�jjÞ.
The upper limits are set on jVeN j2, jVμN j2, and jVeNV�

μN j2=
ðjVeNj2 þ jVμN j2Þ for N masses between 20 and 1600 GeV.
Reference [26] searched for a long-lived heavy neutrino of
either Majorana or Dirac type in the signal process
pp → W → lN → lðlW�=νZ�Þ → lllν. The final state
consists of three leptons, among which two leptons form a
displaced vertex with respect to the primary proton-proton
collision vertex and the third lepton emerges from the
primary vertex. Limits are applied on jVeNj2 and jVμN j2 in
the mass range between 1 and 15 GeV.
In Ref. [27], a heavy Majorana neutrino was investigated

by the ATLAS Collaboration in a similar signal process to
that in Ref. [24]. Data at

ffiffiffi
s

p ¼ 13 TeV and an integrated
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luminosity of 36.1 ð32.9Þ ab−1 are analyzed for the prompt
(displaced) leptonic decay case. Constraints on jVeNj2 and
jVμN j2 are set for a heavy neutrino mass in the range of
4.5–50 GeV. The LHCb Collaboration searched for a heavy
Majorana neutrino in the signal process Wþ → μþN →
μþðμ�jjÞ [28]. Data corresponding to an integrated lumi-
nosity of 3.0 fb−1 and center-of-mass energies of 7 and
8 TeVare analyzed, and upper limits on jVμN j2 are set to be
∼10−3 ð10−4Þ in the mass range from 5 to 50 GeV for the
lepton number conserving (violating) case.
The NA62 Collaboration searched for N produced from

Kþ → eþN decays and placed the upper limit on jVeNj2 ∼
10−9 in the mass range 144–462 MeV [29]. Heavy
neutrinos from B-meson decays are investigated by the
Belle Collaboration, and upper limits are set on jVeN j2,
jVμN j2, and jVeN jjVμN j in the mass range 0.5–5.0 GeV [30].
The T2K Collaboration searched for heavy neutrinos from
kaon decays and constrained mixing parameters jVlN j2
with l ¼ e, μ, τ for mN between 140 and 493 MeV [31].
Moreover, for N produced from meson decays, the SHiP
Collaboration’s search prospect for long-lived neutrinos
predicts strong sensitivity on jVlN j2 with l ¼ e, μ, τ
flavors for mN in the range 0.1–5.8 GeV [32]. The
combination of electroweak precision observables and
lepton flavor violating decays can also set constraints
indirectly on mixing parameters jVlN j2, especially when
mN is larger than 80 GeV [33].
In this article, we develop a search strategy for a

heavy Majorana neutrino via the lepton number violation
(LNV) signal process of pe− → μþjjj at future electron-
proton colliders, the Large Hadron electron Collider
(LHeC) [34–39] and the electron-hadron mode of the
Future Circular Collider (FCC-eh) [37,39–42]. We consider
the LHeC (FCC-eh) running with an electron beam energy
of 60 GeV and a proton beam energy of 7 (50) TeV, which
corresponds to

ffiffiffi
s

p ¼ 1.3 (3.5) TeV. The integrated lumi-
nosities are assumed to be 1 and 3 ab−1 at the LHeC and
FCC-eh, respectively.
Compared with proton colliders, such as the high-

luminosity LHC (HL-LHC), the center-of-mass energy
of ep colliders is lower. However, due to the lack of
gluon-exchange diagrams, the SM QCD backgrounds,
which are dominant at pp colliders, are much smaller at
ep colliders. Besides, the number of additional interactions
in the same event (pileup) is negligible at ep colliders,
while it is expected to be very large at the HL-LHC.
Furthermore, heavy neutrinos with a mass above 100 GeV
can still be produced on shell from the t-channel exchange
of a W boson at ep colliders, while at the HL-LHC such
heavy neutrinos are produced from off-shellW- or Z-boson
processes with a limited cross section. Therefore, future ep
colliders could be complementary to the pp collider when
searching for beyond standard model (BSM) physics
scenarios, particularly for heavy neutrinos.

Reference [43] and references therein have reviewed
BSM physics searches at the LHeC and FCC-eh, while
phenomenology studies on heavy neutrino searches at ep
colliders can be found in Refs. [44–57]. Among them,
Ref. [50] investigated heavy Majorana neutrinos produced
in an effective Lagrangian approach at the LHeC. For the
LHeC, they considered a 7 TeV proton beam colliding with
an electron beam of two energies: Ee ¼ 50 and 150 GeV.
The events are simulated at the parton level, and kinematic
cuts are applied to reduce the background. Limits are
placed on the neutrino mass and the effective coupling.
Reference [51] explored heavy neutrinos at the LHeC in the
context of an inverse-seesaw model. The production cross
section of various signals of Nj, NjW−, and e−jW− are
calculated with and without an 80% left-polarized electron
beam. The events are simulated at the parton level, and
kinematic cuts are applied to reduce the background.
The required integrated luminosities are estimated to
achieve a 3σ statistical significance for two different heavy
neutrino masses of 150 and 400 GeV. Reference [54]
searched for heavy Majorana neutrinos via the signal
processes pe− → e−μ�μ� þ X and pe− → νeμ

−μ� þ X.
The events are simulated including detector smearing
effects, and kinematic cuts are applied to reduce the
background. The required integrated luminosities are
estimated for heavy neutrino masses in the range of
100–1000 GeV. Reference [55] investigated a heavy
neutrino via the signal process pe− → jN → jðe�W∓Þ →
jðe�JÞ, where J is a fat jet from a highly boostedW boson.
The events are simulated at the parton level and passed
through selection cuts to reduce the background. Bounds
on jVeN j2 are placed formN in the range of 400–1000 GeV.
Reference [56] probed heavy neutrinos via the lepton
flavor violating signal process pe− → jN → jðμ−WþÞ →
μ− þ 3j at the LHeC and FCC-eh. Background processes
include je−VV and jνeVV, where V ¼ Z;W� and
VV → ðjjÞðμ−μþ=μ−ν̄μÞ. Limits on the mixing parameters
jθeθμj are placed for the heavy neutrino mass in the range
from 100 to 1000 GeV.
We note that this work is different from all previous

phenomenology studies due to the combination of follow-
ing aspects: (i) We consider the LNV signal process pe− →
μþ þ jjj assuming jVlN j2 ¼ jVeN j2 ¼ jVμN j2 in the con-
text of a simplified type-I seesaw model; (ii) SM back-
ground includes four inclusive processes listed in Table I;

TABLE I. The production cross sections of dominant back-
ground processes at the LHeC and FCC-eh.

σ (pb) LHeC FCC-eh

B1 μþμ−e−jjj 0.58 2.1
B2 μþμ−νejjj 8.6 × 10−2 0.39
B3 μþνμe−jjj 0.28 1.6
B4 μþνμνejjj 8.1 × 10−6 9.3 × 10−5
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(iii) for both the signal and background event simulation,
we utilize the program chain including the event generator,
parton shower, hadronization, and detector effects; (iv) for
the LHeC (FCC-eh), we consider a 60 GeV electron beam
colliding with a proton beam of 7 (50) TeV energy and an
integrated luminosity of 1 ð3Þ ab−1; (v) we apply prese-
lection criteria and perform multivariate analysis based on
machine learning to reject the background; and (vi) the 2σ
and 5σ limits on the mixing parameter jVlN j2 are predicted
for the heavy neutrino mass in the range 10–1000 GeV.
The article is organized as follows. Section II presents

the data simulation and the cross section of the signal
process. Section III describes the SM background processes
and our search strategy. The analysis details and limits
on the mixing parameters jVlN j2 at both the LHeC and
FCC-eh are shown in Sec. IV. We summarize our study and
comment on the positron signal final state in Sec. V.

II. THE LNV SIGNAL

To simplify the analyses, we consider the type-I seesaw
model and assume that there is only one generation of
heavy neutrinos N which mixes with active neutrinos of
electron and muon flavors with the same mixing param-
eters, i.e., jVlN j2 ¼ jVeN j2 ¼ jVμN j2. We also assume that
N decays promptly in this study. As shown in Fig. 1, the
heavy Majorana neutrino N can be produced via the
t-channel exchange of a W boson at ep colliders and
finally decay into μþ plus three jets. The lepton number of
this process changes from þ1 to −1, so it violates
conservation of the lepton number.
For the data simulation, we implement the universal

FeynRules output model file [58,59], which extends the SM
with additional heavy neutrinos interacting with active
neutrinos, into MadGraph5 [60] to generate the signal events.
Similar to our previous work [61], the PYTHIA6 [62]
program is modified to perform the parton showering
and hadronization for ep colliders, while the configuration
card files [63] for the LHeC and FCC-eh detectors are
implemented to the DELPHES program [64] to complete the
detector simulation.
To maintain consistency throughout this study, the

production cross sections calculated by MadGraph5 are used

to estimate the number of events for both signal and
background processes. In Fig. 2, we plot the cross sections
of the LNV signal pe− → μþjjj via the heavy Majorana
neutrino N as a function of the heavy neutrino mass mN at
the LHeC and FCC-eh, where the mixing parameter jVlN j2
is fixed to be 10−4.
For large mN , cross sections at the LHeC decrease much

faster than those at the FCC-eh. This behavior can be
understood from the parton distribution function of the
proton. In this study, heavy neutrinos are produced from
the t-channel W-boson exchange process e−q → jN. In
order to produce heavy neutrinos with large mass, momenta
of incoming quarks need to be large enough, so that the
center-of-mass energy

ffiffiffi
s

p ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
EeEq

p
is larger than mN .

Considering a quark carries a fraction x of the longitudinal
momentum of a proton, only quarks with x≳m2

N=ð4EeEpÞ
can contribute to the signal production cross section.
Since the parton density function fðxÞ of the quark
decreases rapidly for large x values [65], when mN is very
large, the number of quarks which satisfies the condition
x≳m2

N=ð4EeEpÞ becomes tiny. This leads to a rapid
decrease in the production cross section for large mN .

III. BACKGROUND AND SEARCH STRATEGY

Since the signal process pe− → μþjjj violates lepton
number conservation explicitly, it has little SM background
in theory. Considering the signal final state contains one
positive charged muon plus multijets, there are mainly four
SM background processes, which we label as “B1–B4” in
this article. We list their production cross sections in
Table I. They can contribute to the background when the
final state e− and/or μ− are undetected. Among these four
background processes, μþμ−e−jjj and μþνμe−jjj have
large cross sections and are more difficult to eliminate. We
note that the considered four background processes have

FIG. 1. The production process of the LNV signal via a
Majorana heavy neutrino N at ep colliders.
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FIG. 2. The production cross section of the LNV signal
pe− → μþjjj via the heavy Majorana neutrino N for varying
heavy neutrino masses mN at the LHeC and FCC-eh with
jVlN j2 ¼ 10−4.
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both QED and QCD interactions. Processes with pure QED
interactions are checked, and the sum of their cross sections
is found to be only a factor of about 1=90 (1=45) of the
considered background at the LHeC (FCC-eh). Because
they are much smaller and our computing resources are
limited, we do not include the background processes with
only QED interactions.
The final state muon can also come from tau decays.

However, it will not contribute too much to the background
because of the following two reasons: (i) the small tau to
muon branching ratio; (ii) the leptonic decay of taus
produces neutrinos, resulting in large missing energy in
the final state, and cannot pass our missing energy
preselection cut. We checked four background processes
τþτ−e−jjj, τþτ−νejjj, τþντe−jjj, and τþντνejjj at the
LHeC (FCC-eh) and found that after preselection the event
rate of total background increased only by a factor of 6%
(11%). After performing the full analysis described below,
we find that, after adding the tau background, the limit on
jVlN j2 changed from 3.6 ð1.10Þ×10−6 to 3.8 ð1.12Þ × 10−6

for the benchmarkmN ¼ 120 GeV. Since the effects on the
limits are very small, we did not add the tau background in
this study.
We apply the following preselection cuts to select the

signal and reject the background events at the first stage.
(i) Exactly one muon with positive charge, i.e., NðμþÞ ¼ 1
and transverse momentum pTðμÞ > 5 GeV; events with
final state electron(s) or tau(s) are vetoed. (ii) All jets are
sorted in descending order according to their transverse
momenta, and we require at least three jets, i.e., NðjÞ ≥ 3;
for the pT thresholds of jets, when the heavy neutrino mass
is below 80 GeV, the pT of the first three leading jets are
required to be greater than 10 GeV, while when masses are
above 80 GeV, we require the first two leading jets to have
pT greater than 20 GeVand the third one to have pT greater
than 10 GeV. (iii) Since both the final state neutrinos and
the missing leptons contribute to the missing energy, the
background has much larger missing energy compared
with the signal, and a preselection of missing energy
=ET < 10 GeV is applied to reject the background.
For the signal data simulation, we vary the heavy

neutrino mass mN from 10 to 1000 GeV and generate
0.3 million signal events at the LHeC and FCC-eh for
each mN . Because of limited computational resources, we
are not able to generate a huge number of events for every
background process. The number of simulated events for
each background process is determined according to its
importance in reducing the statistical uncertainty on final
limits. For the background, we generate 2.1 (2.0) million
μþμ−e−jjj, 10.5 (6.0) million μþμ−νejjj, 27.4 (24.6) mil-
lion μþνμe−jjj, and 6.0 (6.4) million μþνμνejjj events at
the LHeC (FCC-eh), respectively. In Table II, we show the
number of events for the signal with benchmark mN ¼
120 GeV and four background processes after applying the
preselection cuts (i)–(iii) sequentially described above.

To further reject the background, we input the following
19 observables into the TMVA [66] package to perform the
multivariate analysis (MVA):
(A) the four-momenta of the final state muon—EðμÞ,

pxðμÞ, pyðμÞ, and pzðμÞ;
(B) the number of jets NðjÞ and the four-momenta of the

first three leading jets—Eðj1Þ, pxðj1Þ, pyðj1Þ,
pzðj1Þ; Eðj2Þ, pxðj2Þ, pyðj2Þ, pzðj2Þ; and Eðj3Þ,
pxðj3Þ, pyðj3Þ, pzðj3Þ; and

(C) the magnitude and the azimuthal angle of the
missing transverse momentum—=ET , ϕð=ETÞ.

The boosted decision tree (BDT) method in the TMVA
package is adopted to separate the background from the
signal. Figure 3 shows the BDT distributions for the total
background and the benchmark signal with mN ¼
120 GeV at the LHeC and FCC-eh. The BDT distributions
of the signal and background are well separate, which
means that a BDT cut can be applied to reject the back-
ground. Comparing left and right plots, one sees that the
signal distributions of LHeC and FCC-eh are similar, but
the background distribution of LHeC has an obvious peak,
while the background distribution of FCC-eh is flatter. In
addition, the distributions of signal and background overlap
slightly less at the FCC-eh, indicating that the separation
between the signal and background is better than LHeC.
Since the kinematics of the signal varies with mN ,

the distributions of BDT response also change with mN .

TABLE II. The number of events for the signal with benchmark
mN ¼120GeV and four background processes after applying
preselection cuts (i)–(iii) sequentially. The numbers correspond to
the LHeC and FCC-eh with 1 and 3 ab−1 integrated luminosity,
respectively.

Signal B1 B2 B3 B4

LHe Initial 1.2×103 5.8×105 8.6×104 2.8×105 8.1
(i) 1.1×103 2.6×103 4.0×103 1.9×104 6.2
(ii) 853 799 1.3×103 6.5×103 4.4
(iii) 702 699 9.3 154 0.1

FCC-eh Initial 1.0×104 6.2×106 1.2×106 4.9×106 278
(i) 8.8×103 1.3×104 6.1×104 2.8×105 118
(ii) 7.2×103 4.1×103 2.3×104 1.2×105 99
(iii) 5.5×103 2.8×103 125 3.2×103 1.2
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FIG. 3. Distributions of BDT responses for the signal with
mN ¼ 120 GeV (black, filled) and total SM background (red) at
the LHeC (left) and FCC-eh (right).
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In Figs. 6 and 7, we show the BDT distributions of four
background processes and the signal corresponding to more
representative heavy neutrino masses at the LHeC and
FCC-eh. We observe that, as mN increases, the signal and
background B1 (μþμ−e−jjj) become more separate.
However, the signal and the other three backgrounds overlap
more and more asmN changes from 20 to 200 GeVand then
separate more and more as mN changes from 200 GeV to
1 TeV. When mN ¼ 1 TeV, BDT distributions of all back-
ground processes tend to be similar and are almost com-
pletely separate from the signal. However, the limit for
mN ¼ 1 TeV is still restricted by its small signal cross
section. We note that, when the kinematical distributions of
background and signal are similar, it is difficult to distin-
guish between the signal and background, leading to large
overlap between their BDT distributions. Therefore, the
extent of separation between the BDT distributions of signal
and background is determined by the degree of deviation of
their kinematics.
We note that the above input observables including the

four-momenta and angles are very basic and usually called
low-level variables for the MVA analysis. One can also
construct some complicated observables and input
such high-level variables to perform the MVA analysis.
To compare the effects on the final limits by inputting
different sets of variables, we construct 29 high-level
observables and show the distributions of eight represen-
tative ones for the signal with mN ¼ 120 GeV and four
background processes at the LHeC and FCC-eh in Figs. 8
and 9. The representative observables are ordered accord-
ing to the separation between the signal and background.
At both colliders, the best observables to separate the
signal from background are pTðμÞ, EðμÞ, and ηðμÞ. This is
mainly because the two main background processes B1
(μþμ−e−jjj, blue) and B3 (μþνμe−jjj, pink) are well
separate from the signal for these observables. One
observes that the invariant mass Mðμþ j2 þ j3Þ can also
be a good discriminator. This is because Mðμþ j2 þ j3Þ
has a sharp peak around mN , which means that it can also
be used to reconstruct the heavy neutrino mass.
Figure 4 shows the distributions of BDT responses for the

signal with mN ¼ 120 GeV and total background when
inputting high-level (HL, dashed line) and low-level (LL,
solid line) observables at the LHeC (left) and FCC-eh (right).
One sees that the BDT distributions are similar between the
low- and high-level cases. Although some high-level observ-
ables seem to separate the signal better from the background
than low-level observables, each high-level observable is not
independent of each other and has correlations. The MVA
BDT analysis combines the information from all input
observables with correlations. Since two sets of low- and
high-level observables contain similar information, their
BDT distributions should be similar as well.
To estimate the effects on final limits, we complete

the analyses for the benchmark mN ¼ 120 GeV using

high-level observables at the LHeC (FCC-eh) and find
that BDT cut efficiencies change from 7.71 ð7.95Þ × 10−1

to 7.27 ð7.20Þ × 10−1 for the signal and from 1.03 × 10−1

ð8.85 × 10−2Þ to 3.95 ð3.17Þ × 10−2 for the total back-
ground. The final 2σ limit decreases slightly from
3.6 × 10−6 to 2.4 × 10−6 for LHeC and from 1.1 × 10−6

to 7.3 × 10−7 for FCC-eh, respectively. Because the changes
in the final results are small and more computing resources
are needed to input more observables, for simplicity we input
low-level variables to TMVA to obtain the results below.

IV. RESULTS

In this section, based on our analyses, we show the limits
on the mixing parameter jVlN j2 for the heavy neutrino mass
mN in the range of 10–1000 GeV. After the preselection, the
BDT cut is optimized according to the signal statistical
significance calculated by Eq. (1) for each mass case:

σstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
ðNs þ NbÞ ln

�
1þ Ns

Nb

�
− Ns

�s
; ð1Þ

where Ns (Nb) is the number of signal (total background)
events after all selection cuts.
In Table III, we show selection efficiencies of preselec-

tion and BDT cuts for both signal and background
processes at the LHeC and FCC-eh for representative
heavy neutrino masses. The total selection efficiency is
the product of preselection and BDT cut efficiencies. The
number of background events after all cuts can be calcu-
lated by multiplying the initial number in Table II by the
total selection efficiency, while the number of signal events
can be calculated as the product of the signal cross section,
collider luminosity, and total selection efficiency.
In Fig. 5, we show 2σ and 5σ limits on mixing parameter

jVlN j2 for the heavy neutrino mass in the range of
10–1000 GeV at the LHeC (FCC-eh) with an electron
beam energy of 60 GeV, a proton beam energy of
7 (50) TeV, and an integrated luminosity of 1 ð3Þ ab−1.
At the LHeC, as mN changes from 10 to 100 GeV, the
2σ upper limits on jVlN j2 decrease from 7.8 × 10−5 to
3.2 × 10−6; the limits are relatively flat for mN between
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FIG. 4. Distributions of BDT responses for the signal with
mN ¼ 120 GeV and total background when inputting high-level
(HL, dashed line) and low-level (LL, solid line) observables at the
LHeC (left) and FCC-eh (right).
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100 and 500 GeV and increase rapidly to 3.3 × 10−3

afterward. The 2σ limit at the FCC-eh has similar behavior
as that at the LHeC, but its varying range is much smaller,
between ∼10−6 and 10−5. At both colliders, the 5σ limits
are slightly weaker than those for 2σ.
The increasing or decreasing behavior of the upper limit

is the result of the competition between the signal cross
section and the separation extent of the signal and back-
ground kinematical distributions. With the increase ofmN ,
the signal cross section decreases gradually as shown in
Fig. 2, while BDT distributions of the signal and the total
background become more and more separate (cf. Figs. 6
and 7). Therefore, limits are weaker because of smaller
separations between the signal and background kinemat-
ics for small masses and because of smaller signal cross
sections for heavy masses. The most stringent limits are
achieved at mN ∼ 100 GeV. Limits are relatively flat in
the middle range of mN because of the offset between the
decrease of the signal cross section and increase of the
separation extent of the signal and background kinemat-
ics. At the LHeC, when mN ≳ 500 GeV, the signal cross
section decreases rapidly with the increase of mN , leading
to the rapid increase in the upper limit. Since the signal
cross section at the FCC-eh decreases slowly, the limit for
heavy masses also increases gently. The FCC-eh has better
limits than the LHeC, mainly because the signal cross
section of FCC-eh is larger than that of LHeC for the
same mN .
To compare with current experiment limits, we also

present the recent LHC limits in Fig. 5. The details of these
studies are reviewed in Sec. I. The limit curve for (CMS,
35.9 fb−1, 2l) is reinterpreted from the original limit on
the parameter jVeNV�

μN j2=ðjVeNj2 þ jVμN j2Þ in the CMS

same-sign dilepton search [25]. With the same assumption
of jVeNj2 ¼ jVμN j2 in this article, the original limit is shown
by multiplying a factor of 2. The limit for (CMS, 137 fb−1,
3l) is from Ref. [26], where the CMS Collaboration
searched for a long-lived heavy neutrino in the trilepton
final state with displaced vertices. It has excluded some
parameter regions whenmN < 15 GeV. Our analyses show
that the LHeC limit is slightly weaker than the current CMS
and ATLAS trilepton searches when mN ≲ 20 GeV, while
it is better for heavier masses and about 2–3 orders of
magnitude stronger than the current CMS limits when
mN ≳ 100 GeV. Compared with current LHC limits, the
FCC-eh gives more stringent limits when mN > 15 GeV
and much stronger when mN ≳ 100 GeV.

V. SUMMARY AND DISCUSSION

In this paper, we utilize the lepton number violation
signal process of pe− → μþjjj to search for heavy
Majorana neutrinos at future electron-proton colliders.
We consider the LHeC (FCC-eh) running with an
electron beam energy of 60 GeV, a proton beam energy
of 7 (50) TeV, and an integrated luminosity of 1 ð3Þ ab−1.
To simplify the analyses, we consider the simplified type-I
model and assume that only one generation of heavy
neutrinos N is within the collider access and mixes
with active neutrinos of electron and muon flavors with
the same mixing parameters, i.e., jVlN j2¼jVeN j2¼jVμN j2
and jVτN j2 ¼ 0. The signal production cross sections are
presented in Fig. 2 at both LHeC and FCC-eh for the heavy
neutrino mass mN in the range of 10–1000 GeV. We apply
detector configurations and simulate signal and four dom-
inant SM background events of μþμ−e−jjj, μþμ−νejjj,
μþνμe−jjj, and μþνμνejjj including detector effects.
We first use the preselection cuts to select the final state

with exactly onemuonwith positive charge, at least three jets,
and small missing energy. The number of events for the signal
with benchmarkmN ¼ 120 GeV and four background proc-
esses after applying preselection cuts are presented inTable II.
To reject the background efficiently, 19 basic observables are
input to perform the multivariate analyses based on machine
learning. The distributions of BDT responses of the signal
and the SM background processes at the LHeC and FCC-eh
for representative heavy neutrino masses are shown in
Appendix A, while the efficiencies of preselection and
BDT cuts are shown in Appendix C.
To test the effects on the final limits by inputting

different sets of observables, we construct and input
another set of 29 observables and find that the changes
in the final limits are small. The distributions of eight high-
level representative kinematic observables are also pre-
sented in Appendix B for the signal with mN ¼ 120 GeV
and four background processes at the LHeC and FCC-eh.
Based on our analyses, we show the 2σ and 5σ upper

limits on the mixing parameter jVlN j2 for the heavy
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FIG. 5. 2σ and 5σ limits on mixing parameter jVlN j2 for the
heavy neutrino mass in the range of 10–1000 GeV at the LHeC
and FCC-eh. Also shown are the current experimental limits at
95% confidence level from the trilepton searches (CMS,
35.9 fb−1, 3l [24], CMS, 137 fb−1, 3l [26], and ATLAS,
36.1 fb−1, 3l [27]) and dilepton searches (CMS, 35.9 fb−1,
2l [25] and LHCb, 3.0 fb−1, 2l [28]) at the LHC.
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neutrino mass mN in the range of 10–1000 GeV at both
LHeC and FCC-eh in Fig. 5. At the LHeC, the 2σ upper
limits on jVlN j2 decrease from 7.8 × 10−5 to 3.2 × 10−6

when mN changes from 10 to 100 GeV; the limits are
relatively flat for mN in the middle range between 100 and
500 GeVand increase rapidly to 3.3 × 10−3 afterward. The
2σ limit at the FCC-eh has similar behavior as that at the
LHeC, but its varying range is much smaller, between
∼10−6 and 10−5. At both colliders, the 5σ limits are slightly
weaker than those for 2σ.
The limits are compared with the current LHC exper-

imental limits. Our analyses show that the LHeC limit is
slightly weaker than the current CMS and ATLAS trilepton
searches when mN ≲ 20 GeV, while it is better for heavier
masses and about 2–3 orders of magnitude stronger
than the current CMS limits when mN ≳ 100 GeV.
Compared with current LHC limits, the FCC-eh gives
more stringent limits when mN > 15 GeV and much
stronger when mN ≳ 100 GeV.
The LNV signal process considered in this study is one

typical channel to search for heavy Majorana neutrinos at
electron-proton colliders. If this signal is discovered at
colliders, it is also confirmed that the nature of N is of
Majorana type. Therefore, our results are an important
complement to the physics goals of electron-proton col-
liders, and the parameter space probed by our search
strategy could explain other fundamental physics problems,
such as leptogenesis [67].
We assume that N decays promptly in this study.

However, when N’s lifetime is long enough, heavy
neutrinos can have a sizable probability to travel through
and decay outside the detector. In this case, such
neutrinos will be misdetected and behave as missing
energy, and, thus, these events cannot contribute to our
signal. The number of detectable signal events needs to be
multiplied by the average probability P̄ of heavy neu-
trinos decaying inside the detector’s fiducial volume.
Because our signal final state has one μþ and two jets
from the decay of N, in order to detect these jets, the
heavy neutrino needs to decay before the end of the
hadronic calorimeter.
To estimate this effect on final limits, we consider detector

layouts of the LHeC and FCC-eh from Refs. [68,69],
respectively. We generate the signal sample pe− → jN at
the parton level using MadGraph for differentmN at the LHeC
and FCC-eh and calculate P̄ of detectors using a similar
method used in Ref. [70]. Results for P̄while varying jVlN j2
whenmN ¼ 5, 10, and 20 GeVat the LHeC and FCC-eh are
derived, and we find that the resulting curves of detectors
at LHeC and FCC-eh are very similar. For mN ¼ 5, 10,
and 20 GeV, the P̄ values begin to reduce from unity when
the mixing parameter jVlN j2 ∼ 2 × 10−6, 3 × 10−8, and
8 × 10−10, respectively, and become zero when jVlN j2 ∼
2 × 10−9, 5 × 10−11, and 1 × 10−12, respectively. Since
Fig. 5 shows that the 2σ upper limits on jVlN j2 for

mN ¼ 10 GeV at the LHeC and FCC-eh are 7.8 × 10−5

and 9.0 × 10−6, respectively, which are larger than 3 × 10−8,
the corresponding P̄ values are unity, and, thus, the final
limits are not modified. For larger mN, jVlN j2 is required to
be even smaller such that P̄ can decrease from unity.
Therefore, the effect of long-lived cases of heavy neutrinos
is expected to be negligible for the mass range considered in
this study. Such an effect becomes significant for very small
masses, and we leave it for future studies.
We note that when jVeNj2 ¼ jVμN j2 the LNV signal

pe− → eþjjj also exists with a cross section approxi-
mately equal to that of signal pe− → μþjjj. However, for
the signal pe− → eþjjj, there exists one additional SM
background process of pe− → e−jjj. When the final state
e− is misdetected as eþ, this process can be one significant
background. To estimate sensitivities on jVlN j2 of the eþ
final state signal, we consider its corresponding SM
background processes. The cross sections of background
processes of e−jjj, eþe−e−jjj, eþe−νejjj, and eþνeνejjj
are found to be 1.4 × 104, 0.53, 0.33, and 8.1 × 10−6 pb at
the LHeC, respectively. One sees that the production cross
section of e−jjj is much larger than the other background
processes. Therefore, it could still dominate even if the
detector’s charge misidentification rate is small.
With the current detector configuration at the LHeC,

after selecting exactly one positron with transverse momen-
tum above 5 GeV, the total background cross section for the
eþ final state is 8.62 × 10−2 pb, among which the e−jjj
process is 6.07 × 10−2 pb and the sum of the other three
background processes is 2.55 × 10−2 pb, so e−jjj is the
main background. For the μþ final state, the total back-
ground cross section after selecting exactly one muon with
positive charge with transverse momentum above 5 GeV is
2.58 × 10−2 pb [cf. cut(i) in Table II].
Because the total background cross section for the eþ

final state is about 3 times larger than that for the μþ final
state, the limit on mixing parameter jVlN j2 from the signal
process pe− → eþjjj is expected to be weaker than that
from the signal process pe− → μþjjj. However, when
jVeNj2 ≠ 0 and jVμN j2 ¼ 0, the pe− → μþjjj signal cannot
be produced any more, but the pe− → eþjjj signal can still
exist. Because the pe− → eþjjj signal process depends on
the mixing parameter jVeNj2 only, it can be a unique
channel to probe jVeN j2 independent of other mixing
parameters. In this sense, the detailed analyses of the eþ
final state are still meaningful, and we leave it for future
studies.
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APPENDIX A: DISTRIBUTIONS OF BDT
RESPONSES

In Figs. 6 and 7, we show the distributions of BDT
responses of the signal and SM background processes at the
LHeC and FCC-eh with different mN assumptions.

APPENDIX B: DISTRIBUTIONS OF
REPRESENTATIVE HIGH-LEVEL

OBSERVABLES

The following 29 high-level observables shown in
Figs. 8 and 9 are constructed and input to the TMVA
package to perform the MVA-BDT analysis:
(a) the transverse momentum pT, the energy E, the

pseudorapidity η, and the azimuthal angle ϕ of the
final state particles—EðμÞ, Eðj1Þ, Eðj2Þ, Eðj3Þ, pTðμÞ,
pTðj1Þ, pTðj2Þ, pTðj3Þ, ηðμÞ, ηðj1Þ, ηðj2Þ, ηðj3Þ, ϕðμÞ,
ϕðj1Þ, ϕðj2Þ, and ϕðj3Þ;

(b) the number of jets NðjÞ and the magnitude and
the azimuthal angle of the missing transverse
momentum—=ET and ϕð=ETÞ;

(c) pT, η, and ϕ of the system of ðj2 þ j3Þ—pTðj2 þ j3Þ,
ηðj2 þ j3Þ, and ϕðj2 þ j3Þ;

(d) the pseudorapidity difference Δη, the azimuthal
angle difference Δϕ, and the angular distance
difference ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
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FIG. 7. The BDT distributions of the same processes as in
Fig. 6, but at the FCC-eh.
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FIG. 6. Distributions of BDT responses of the signal (black,
filled) and four background processes at the LHeC for represen-
tative heavy neutrino masses.
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and jet(s)—Δηðμ; j1Þ, Δηðμ; j2 þ j3Þ, Δϕðμ; j1Þ,
Δϕðμ; j2 þ j3Þ, ΔRðμ; j1Þ, and ΔRðμ; j2 þ j3Þ; and

(e) the invariant massM of the system of ðμþ j2 þ j3Þ—
Mðμþ j2 þ j3Þ.

APPENDIX C: THE SELECTION EFFICIENCY
TABLE

In Table III, we present selection efficiencies of pre-
selection and BDT cuts for both signal and background
processes at the LHeC and FCC-eh for representative heavy
neutrino masses.
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background processes at the LHeC.
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TABLE III. Selection efficiencies of preselection and BDT cuts for both signal and background processes at the LHeC and FCC-eh for
representative heavy neutrino masses, where “� � �” means the number of events can be reduced to be negligible.

mN Collider Selection Signal μþμ−e−jjj μþμ−νejjj μþνμe−jjj μþνμνejjj

20 GeV LHeC Preselection 8.04 × 10−2 1.63 × 10−3 1.29 × 10−4 7.07 × 10−4 1.07 × 10−2

BDT > 0.070 8.53 × 10−1 4.57 × 10−1 7.61 × 10−2 2.00 × 10−2 1.59 × 10−2

FCC-eh Preselection 1.20 × 10−1 6.10 × 10−4 1.22 × 10−4 7.86 × 10−4 4.71 × 10−3

BDT > 0.112 8.25 × 10−1 3.13 × 10−1 4.54 × 10−2 1.04 × 10−2 7.52 × 10−3

40 GeV LHeC Preselection 2.40 × 10−1 1.63 × 10−3 1.29 × 10−4 7.07 × 10−4 1.07 × 10−2

BDT > 0.125 4.76 × 10−1 6.99 × 10−2 1.62 × 10−2 2.69 × 10−3 5.30 × 10−3

FCC-eh Preselection 2.77 × 10−1 6.10 × 10−4 1.22 × 10−4 7.86 × 10−4 4.71 × 10−3

BDT > 0.109 6.55 × 10−1 3.07 × 10−1 4.13 × 10−2 8.75 × 10−3 7.64 × 10−3

60 GeV LHeC Preselection 3.71 × 10−1 1.63 × 10−3 1.29 × 10−4 7.07 × 10−4 1.07 × 10−2

BDT > 0.116 5.43 × 10−1 8.38 × 10−2 2.88 × 10−2 5.37 × 10−3 1.19 × 10−2

FCC-eh Preselection 3.91 × 10−1 6.10 × 10−4 1.22 × 10−4 7.86 × 10−4 4.71 × 10−3

BDT > 0.111 7.73 × 10−1 3.01 × 10−1 4.40 × 10−2 1.07 × 10−2 1.39 × 10−2

120 GeV LHeC Preselection 5.66 × 10−1 1.20 × 10−3 1.08 × 10−4 5.53 × 10−4 9.07 × 10−3

BDT > 0.067 7.71 × 10−1 1.21 × 10−1 8.36 × 10−2 2.29 × 10−2 4.74 × 10−2

FCC-eh Preselection 5.45 × 10−1 4.53 × 10−4 1.08 × 10−4 6.64 × 10−4 4.22 × 10−3

BDT > 0.094 7.95 × 10−1 1.72 × 10−1 7.49 × 10−2 1.63 × 10−2 2.56 × 10−2

200 GeV LHeC Preselection 6.00 × 10−1 1.20 × 10−3 1.08 × 10−4 5.53 × 10−4 9.07 × 10−3

BDT > 0.087 6.84 × 10−1 4.10 × 10−2 5.56 × 10−2 3.01 × 10−2 3.60 × 10−2

FCC-eh Preselection 5.57 × 10−1 4.53 × 10−4 1.08 × 10−4 6.64 × 10−4 4.22 × 10−3

BDT > 0.102 6.59 × 10−1 5.91 × 10−2 4.37 × 10−2 2.74 × 10−2 2.74 × 10−2

400 GeV LHeC Preselection 4.33 × 10−1 1.20 × 10−3 1.08 × 10−4 5.53 × 10−4 9.07 × 10−3

BDT > 0.154 6.98 × 10−1 2.37 × 10−3 7.05 × 10−3 9.45 × 10−3 9.63 × 10−3
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BDT > 0.210 9.27 × 10−1 � � � � � � 1.12 × 10−3 6.25 × 10−4

FCC-eh Preselection 2.57 × 10−1 4.53 × 10−4 1.08 × 10−4 6.64 × 10−4 4.22 × 10−3
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FCC-eh Preselection 1.60 × 10−1 4.53 × 10−4 1.08 × 10−4 6.64 × 10−4 4.22 × 10−3

BDT > 0.227 7.73 × 10−1 � � � 1.56 × 10−3 2.57 × 10−3 1.15 × 10−3
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