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Because of the difficulty in detecting final state taus, the mixing parameter |V ,y|? for heavy neutrino N is
not well studied at current experiments, compared with other mixing parameters |V, |* and |V ,y|?. In this
paper, we focus on a challenging scenario where N mixes with active neutrino of tau flavor only, i.e.,
|Vonl? # 0and |V, y|* = |V,y|* = 0. We derive current constraints on |V |* from the rare Z-boson decay
and electroweak precision data (EWPD). To forecast the future limits, we also investigate the signal
pp — vt jj via a Majorana heavy neutrino at future proton-proton colliders. To suppress the back-
ground, both taus are required to decay leptonically into muons, leading to the final state containing two
same sign muons, at least two jets plus moderate missing energy. The signal and relevant background
processes are simulated at the HL-LHC and SppC/FCC-hh with center-of-mass energy of 14 TeV and
100 TeV. The preselection and multivariate analyses based on machine-learning are performed to reduce
background. Limits on |V y|? are shown for heavy neutrino mass in the range 10-1000 GeV based on
measurements from the rare Z-boson decay and EWPD, and searches at the HL-LHC and SppC/FCC-hh

with integrated luminosities of 3 and 20 ab~!.
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I. INTRODUCTION

The neutrino oscillation experiments [1-6] have proved
that at least two of three active neutrinos in standard model
(SM) are massive. This problem needs to be solved by
extending the standard model. The seesaw mechanism
[7-17] is one of the simplest solutions, and usually predicts
the existence of heavy neutrinos. Therefore, heavy neu-
trinos are important candidates beyond the standard model,
and searching for them is a vital way to test the seesaw
mechanism and probe the new physics.

Heavy neutrinos can mix with standard model active
neutrinos of all flavors (e, y, 7), in principle. At colliders,
heavy neutrinos are usually also called the heavy neutral
leptons, and have been extensively explored. They can be
probed via the effects of heavy neutrino oscillations [ 18-24],
or searched from the decays of mesons [25-29], Higgs
bosons [30,31], W-bosons [32-35] and Z-bosons [36].
Summaries of collider searches of heavy neutrinos can be
found in Refs. [37-45] and references therein. Recent
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experimental studies on heavy neutrino searches can be
found in Refs. [46-53], and are reviewed in Ref. [54].

The mixing parameter |V, y|? is related to the matrix
element describing the mixing of the heavy neutrino N
with the SM neutrino of flavor £ = e, u, . Compared with
plentiful studies focusing on the mixing parameters |V, |?
and |V,y|%, because of the challenges in detecting the final
state taus, the mixing parameter |V y|? is more difficult to
be probed, making it not well studied at current experi-
ments. However, there do exist some phenomenological
studies to probe the mixing parameter |V y|? in different
heavy neutrino mass ranges. Among them, most studies
assume the heavy neutrino mixes with active neutrinos
of not only tau flavor but also muon and/or electron
flavors. For example, Ref. [55] consider mixing param-
eters |V y|> = |V,.n[* #0 and |V,y|* =0, and searches
for heavy Dirac neutrinos in the mass range between 150
and 1000 GeV at the HL-LHC, while Refs. [56,57]
consider |V,y[> = |V y[* = |V,n[% and investigate heavy
neutrinos with mass below 20 GeV. In Ref. [58], some of
our authors consider the scenario where |V y|?, |V, y|> # 0
and |V,y|?> =0, and utilize the lepton number violation
signal process pe~ — 7 jjj to search for heavy Majorana
neutrinos with mass between 10 and 1000 GeV at future
proton-electron colliders.

So far, only a few phenomenological studies investigate
the challenging scenario where N mixes with active
neutrino of tau flavor only, i.e., |V y|> # 0 and |V y|> =
|V;4N|2 =0. For instance, Refs. [59,60] utilize large
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e~e™ — 77" samples collected at B-factories to search for
long-lived heavy neutrinos produced via the tau decay, and
constrain |V y|? for my between 0.1 and 1.7 GeV. Ref. [61]
searches for heavy neutrinos from B-meson decays at the
LHCb, and sets limits on |V y|? for my between 2 and
4.5 GeV. Reference [62] investigates long-lived heavy
neutrinos decaying inside the inner trackers of the detec-
tors, and probe |V y|?> for my between 5 and 20 GeV at
the LHC. Ref. [63] considers the trilepton final state
(ty7, + e/p) containing two hadronic decaying tau-jets
plus one electron or muon at the LHC, and constrains
|V v|? for my between 25 and 150 GeV. It is worth noting
that although it is assumed that only |V,y|?> #0 and
|Ven|* = [V,n[* =0 in this study, the scenario with
[Vv>#0 and |V, y[% |V,n[* #0 can also induce the
same trilepton final state (7,7, + ¢/u), and hence this final
state cannot confirm the scenario with only |V y|? # 0.
Reference [64] probes |V y|*> for my > 150 GeV via the
final state (7, 7;, + 4j) including two hadronic decaying tau-
jets plus four regular jets at the LHC. Moreover, Ref. [65]
considers heavy neutrinos produced at pp colliders and
decaying into multiple charged leptons. Assuming only
|V.n|> # 0, two charged lepton flavor-conserving signal
processes pp — Thl/ﬂ?_f; and pp — 7,7, Cx + Tfrhil,- are
investigated, where ¢y € {e,u,7,} and ¢;,¢; € {e, u}.
Sensitivities on |V y|? are reported for my between 150
and 2900 GeV at different center-of-mass energies of 14, 27
and 100 TeV.

In this study, we focus on the challenging scenario
where [V y|* #0 and |V y[> = [V,y|* = 0. In this sce-
nario, for heavy neutrinos with mass above 10 GeV, we
derive current constraints on the mixing parameter |V y|?
from the measurements of rare Z-boson decay by the
DELPHI collaboration [66] and the electroweak precision
data (EWPD) [63,67-72].

To forecast future limits on |V _y|?, we also investigate
the relevant signal at future proton-proton colliders.
Assuming N mixes with active neutrino of tau flavor only,
a heavy Majorana neutrino N can lead to the lepton number
violating signal process of pp — t*7*jj. To suppress the
background, both taus are required to decay leptonically
into muons, leading to the final state containing two same
sign muons, at least two jets plus moderate missing energy.
We develop the search strategy and simulate the signal and
background event samples at the high-luminosity Large
Hadron collider (HL-LHC) running with center-of-mass
energy /s = 14 TeV, and at the Super proton-proton
Collider (SppC) [73-77] or the proton-proton collision
mode of Future Circular Collider (FCC-hh) [78-80] run-
ning with /s = 100 TeV. The preselection and multivari-
ate analyses based on machine-learning are performed to
reduce background.

Limits on |V,y|? are shown for heavy neutrino mass in
the range 10-1000 GeV based on measurements from the

rare Z-boson decay and EWPD, and searches at the
HL-LHC and SppC/FCC-hh with integrated luminosities
of 3 and 20 ab~'. We emphasize that the signal process
pp — v jj depends on the mixing parameter |V y|*
only and exists once |V, y|? # 0, so it provides an oppor-
tunity to probe |V ,y|? independent of other mixing param-
eters. Therefore, although this signal is challenging to
be investigated at colliders because of the difficulty in
detecting final state taus and large background, it is still
meaningful and deserves careful study.

The article is organized as follows. In Sec. II, we derive
current constraints on |V, y|*> from measurements of rare
Z-boson decay and EWPD, and show details of derivation
process. In Sec. 111, we forecast future limits on |V _y|* by
searching for heavy neutrinos at future pp colliders,
including the introduction of signal and background proc-
esses, search strategy and data analysis. The combined
constraints on |V, y|* are presented in Sec. IV. We sum-
marize and discuss in Sec. V. More details of this study are
listed in Appendices A-D.

II. CONSTRAINTS FROM RARE Z-BOSON
DECAY AND EWPD

In this section, we show details of deriving the con-
straints on |V y|* from rare Z-boson decay and EWPD,
assuming |V,y|* = [V,ny|* = 0 and only |V y|* # 0.

When my < my, the ratio of partial decay widths for
Z — Nuv,, Nu, rare decays is [66,71]

_ lzown |vTN|2f(@), (1)

FZ—»D,D, 1—‘Z -V, mz

1—‘Z—>N1/,

to the leading order of |V _y|?, where the function

(1=x)(1+x%/2), (x<1);

f(x)E{O (x> 1).

(2)

Note that if my < my/2, two-body Z — NN decay mode
also exists, but its partial decay width T',_ vy o |V y|* <
I';_Nu.No.» SO One can always ignore this exotic decay
channel. We then have the branching ratio for exotic Z
decay is

Br,,, =~ 0.13|V,N|2f<@>. (3)
mgz

Comparing with the experimental result Br., < 1.3 x
107° at 95% C.L. [66], we finally obtain the constraint on
|V.n|? in the my < my region as

1073

my/my) '

Vel < 7 (4)

The corresponding limits on |V y|? are presented in Sec. IV.
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When my > my,, the EWPD constraint becomes impor-
tant. Since |V,y|* = |V,n|* = 0, Gf does not modify from
its value in the SM, and only the width of Z — v,0, is
modified as

I',_,;
_Loul (1= [Voy[P)? 21 =2[V oy, (5)
[z sm

to the leading order of |V y|?. The total decay width of
Z-boson is modified as

Iy my
=1+0.133]V, 2<f<—>—1>. 6
e Vol (£ (G (6)

Another important observable is the cross section of the
process ete~™ — Z — had, denoted as oy, where “had”
means all kinds of hadrons. Since

12217 ¢+ - Uz haa
oy =

; (7)

my;
its modification comparing with the SM value is

r -2
OH_ _ < z ) 21—0.267|VTN|2<f<@> —1>.
OH SM FZ,SM mgz

(8)

When my > my, Egs. (6) and (8) become

r

2 —1-0.133|Vy|% (9)
1—‘Z,SM

OH_ — 1 40267V, (10)
OH,SM

We perform the global-fit' and present corresponding limits
on |V y|? at 95% confidence level in Sec. IV. In the my >
my region, |V y|? is constrained to be less than ~5 x 1073,
which is consistent with the results in Refs. [63,71].

III. CONSTRAINTS FROM pp COLLIDER
SEARCHES

In this section, we develop the search strategy to search
for a heavy Majorana neutrino in the tau final state, and
forecast the limits on |V _y|? at pp colliders. To simplify the
analyses, we consider the simplified type-I seesaw model
and the scenario that only one generation of heavy
neutrinos N is light and can be produced at colliders.

'"The constraints come from the modifications in I'; and oy.
Different from the case with both |V,y|?> and |V,y|? nonzero in
[58], in this study we have assumed only |V.y|*>#0 and
|[V.n|*> =0, and thus do not have the modifications of R, =
Uznaa/Tzeeve- and Ry =Ty 0/T7 paa (Where £ =e, p, 7
denotes a lepton and g = ¢, b denotes a quark), comparing with
the SM.

J

FIG. 1. The production process of the LNV signal via a
Majorana heavy neutrino N at pp colliders.

The same as the above section, the N is assumed to mix
with active neutrinos of tau flavor only, i.e., |V y|> # 0
and |V2N|2 - ‘VMN|2 - O

A. The signal process

As shown in Fig. 1, in this scenario, a heavy Majorana
neutrino N can be produced associated with a tau at pp
colliders, and decay into one tau plus two jets, leading to
the same sign ditau plus dijet final state. The lepton number
of this process changes from 0 to 2, so it violates the
conservation of lepton number.

For the data simulation of signal and background
processes in this study, we utilize the MADGRAPHS program
[81] to calculate the production cross sections and generate
the collision events. The PYTHIAS program [82] is used to
decay taus and perform the parton showering and hadro-
nization, while the configuration card files for the HL-LHC
and FCC-hh detectors are implemented to the Delphes
program [83] to complete the detector simulation.

For the signal process, we implement the Universal
FeynRules Output model file [84,85] which extends the SM
with additional heavy neutrinos interacting with active
neutrinos, into the MADGRAPHS program to calculate the
production cross sections and generate the collision events
for the signal process pp — 757%jj. The energies of both
proton beams are set to be 7 and 50 TeV for HL-LHC and
SppC/FCC-hh, respectively. Representative heavy neutrino
masses between 10 GeV and 1000 are selected and the
corresponding cross sections for the signal process pp —
7¥7%jj are plotted in Fig. 2, where the yellow and red
curves represent the results at HL-LHC and FCC-hh,
respectively. When calculating the production cross sec-
tions and generating the collision events, loose cuts are
applied at the parton level to maximally accept events and
make the simulation more realistic and closer to experi-
ments: the minimal py for jets and leptons is 0.5 GeV; the
maximal absolute value of rapidity is 10 for the jets, and 5
for the leptons and photons; the minimum angular distance
AR between two objects is 0.1.

The curves in Fig. 2 show that the cross sections at
14 TeV and 100 TeV have similar trends with the change of
heavy neutrino mass. When my < 50 GeV, the signal cross
section does not change significantly with my. For my
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FIG. 2. The production cross sections of the signal process
pp — o7t jj via a heavy Majorana neutrino N when varying my
between 10 and 1000 GeV at the HL-LHC and SppC/FCC-hh.
Here, the mixing parameter |V y|? is fixed to be 107,

between 60 GeV and 90 GeV, the signal cross section
decreases rapidly with increasing my. For larger my, the
signal cross section decreases steadily as m, increases.

Since taus are unstable, they decay either leptonically
into muons and electrons, or hadronically into mesons,
leading to final state leptons or tau-jets at colliders. The
leptonic and hadronic final states have different kinematics
and background, and thus need individual analyses.

For hadronic tau decay case, the final state has two same
sign tau-jets, at least two regular jets, and missing energy.
Because of the difficulty in reconstructing the tau-jet and
identifying its charge, the realistic detector effects must be
considered. To estimate the misidentification rate of rec-
ognizing a regular jet (j) as a tau-jet (z;), we simulate the
Z — jj events at the HL-LHC, and implement the CMS
detector configuration file to perform the detector simu-
lation. By selecting final state tau-jets in this sample, we
find that the misidentification rate of j — 7, is around 1%
at the HL-LHC, which is consistent with the performance
of the ATLAS detector as shown in studies [86,87].
Similarly, to estimate the misidentification rate for the
charge of 7,, we simulate the Z — r'7~ events. By
selecting final state tau-jets with same charges in this
sample, we find that the misidentification rate for the
charge of 7, is more than 1% at the HL-LHC.

Therefore, considering these misidentification rates and
huge jet production at the pp colliders, the hadronically
decaying tau final state will suffer from too large back-
ground. In order to suppress the background, we select the
final state where both taus decaying leptonically into
muons (i.e., 7~ = u~7,v,). The final state has two same
sign muons u*u*, two jets and moderate missing energy.

B. Background processes

Since the signal process pp — t¥7%jj violates the
lepton number conservation explicitly, it has little SM

TABLE 1. Production cross sections of signal process with
my =50 GeV and |V,y|*> = 107, and dominant background
processes at the HL-LHC and SppC/FCC-hh.

o (pb) HL-LHC SppC/FCC-hh

S rrrjj 0.180 1.12

Bl W=*jj 1.21 x 10° 1.31 x 10°
B2 Zjj 1.10 x 10* 1.25 % 10°
B3 W*Zjj 3.44 x 102 5.67 x 10°
B4 Wrw=jj 1.68 x 102 232 x 10°
B5 ZZjj 1.03 x 10? 1.56 x 103
B6 1t 5.97 x 107 2.47 x 10*

background in theory. However, considering the leptonic
decay of taus, there are still some SM processes which can
have similar final state containing two same sign muons
uEpt, two jets and moderate missing energy. We consider
six SM background processes and label them as “B1-B6”
in this article. They include the single boson process W= j
and Zjj, the diboson process W*Zjj, W*W~jj, ZZjj, and
ditop process 7. The production cross sections of signal
process with benchmark my =50 GeV and |V y|> = 1074,
and of dominant background processes at the HL-LHC and
SppC/FCC-hh are listed in Table I.

We note that due to limited computing resources, the
following conditions during the generating procedure are
required to guarantee that large number of events can be
produced and survive after applying all selection cuts, and
thus the statistic uncertainty can be small: for B1 and B2,
W- and Z-bosons decay into muons. Besides, we check
and find that because of small production cross section for
the WEW=*j process, its contribution to total background
after all selection cuts is negligible compared with the
W*W~ jj process. Therefore, for B4, only W W~ events
are generated.

C. Search strategy and data analysis

We apply the following preselection cuts to select
the signal and reject the background events at the first
stage. (i) Exactly two muons with the same charge, i.e.,
same sign dimuon pair y*u*; two muons are sorted by
their transverse momenta py, and the first (second)
leading muon has p; bigger than 10 (5) GeV, i.e.,
pr(py) > 10 GeV and pr(u,) > 5 GeV. (ii) At least
two regular jets, i.e., N(j)>2; the jets are sorted by
pr, and pr(j;) =20 GeV, pr(j») = 10 GeV. (iii) Events
that has final state b-jets or leptons other than muons are
rejected, i.e., N(b-jet) = 0 and N(e) = 0.

For signal data simulation, we choose representative
heavy neutrino masses my from 10 to 1000 GeV, and
generate around one million events at the HL-LHC and
SppC/FCC-hh for each my case. The chosen masses are
my = 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 300,
500 GeV for HL-LHC, and my = 10, 20, 30, 40, 50, 60,
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80, 90, 100, 200, 300, 500, 700, 800, 900, 1000 GeV for
SppC/FCC-hh, respectively. Due to limited computational
resources, we are not able to generate huge number of events
for every background processes. One million to ten million of
events for different background processes are generated, and
the number of simulated events for each background process
is determined according to its importance in reducing the
statistical uncertainty on final limits. The efficiencies of
preselection cuts for signal with different m, assumptions
and six background processes are summarized in Table II for
HL-LHC and Table IIT for SppC/FCC-hh in Appendix C.

Moreover, to help researchers understand the kinematics
of both signal and background processes, In Appendix A,
we present distributions of representative kinematic observ-
ables for the signal with benchmark m, = 50 GeV and
dominant background processes at the HL-LHC and SppC/
FCC-hh.

To further reject the background, we input the following
twenty-four observables into the TMVA package [88] to
perform the multivariate analysis (MVA).

(A) The four-momenta of final state muons: E(u, ), p (41 ),

py(1)s p(u1): E(a)s pa(a), py(p2)s po(p2).

(B) The number of regular jets N(j) and four-momenta
of the first two leading jets: E(j;), p.(j1), Py(J1),
p-(1)s E(J2), Px(72)s Py(j2)s P-(j2)-

(C) The magnitude and azimuthal angle of the missing
transverse momentum: £, ¢p(Er).

(D) Some additional observables of muons and jets which
are also useful to reject background: p° . (u);
Ntrack(.il)? Ntrack(j2); RE(jl)a RE(j2)'

Details of description of the last set of observables can be
found in Ref. [89]. Among them, p%°(u) is the summed py
of other objects excluding the muon in a R = 0.4 cone
around the muon, which measures the behaviors around a
muon and indicates its isolation quality, and p°  (u)
denotes the pi°(u) with bigger value for two final state
muons. Ny, (j;) is the number of tracks associated with
the jet. Rg(j;) is the ratio of the hadronic versus electro-
magnetic energy deposited in the calorimeter cells asso-
ciated with the jet, which is typically larger than one for a
real jets and can be used to reject fake jets.

The boosted decision tree (BDT) algorithm in the TMVA
package is adopted to perform the MVA and separate the
background from the signal. Figure 3 shows the distribu-
tions of BDT responses for the total background and the
signal with benchmark my = 50 GeV at the HL-LHC and
SppC/FCC-hh. Compare the left and right plots, the trends
of distributions at the HL-LHC and SppC/FCC-hh are
similar. The BDT distributions of signal and background
are well separated, which means that BDT cuts can be
effectively applied to reject background at both colliders.

Since the signal kinematics varies with my, for each re-
presentative m, case, signal data are generated and analyzed
individually to optimize the selection cuts and obtain
the corresponding best limits. In Appendix B, we show

0.16 T
2 Siganl

my, =50 GeV

0.14F .
{Q - ] = B-total
8 012 S o.08f
S 01f e
S S o0sf
S ook H
B 0.06F B 0.04f
£ o0 £
0.02F 0.02F |
%% 05 04 02 0 02 04 0=%% 05 04 02 0 02 04
BDT BDT
FIG. 3. Distributions of BDT responses for the signal with

benchmark my = 50 GeV (black) and total background (red) at
the HL-LHC (left) and SppC/FCC-hh (right).

distributions of BDT responses for the signal and dominant
SM background processes at the HL-LHC in the scenarios
with different m, assumptions, while the BDT distributions at
the SppC/FCC-hh are presented in the same appendix.

After the preselection, the BDT cut is optimized accord-
ing to the signal statistical significance calculated by
Eq. (11) for each mass case.

Ostat = \/2 {(NS +N,)ln <1 —1—11:,/—:) —NS}, (11)

where N (N,,) is the number of signal (total background)
events after all selection (including the preselection and
BDT selection) cuts.

Table II shows the selection efficiencies of preselection
and BDT cuts for both signal and background processes at
the HL-LHC in the scenarios with different m, assumptions.
The selection efficiencies at the SppC/FCC-hh are presented
in Table III. The total selection efficiency is the product
of preselection and BDT cut efficiencies. The number of
signal and background events after all cuts can be calculated
as the product of collider luminosity, their respective
production cross section and total selection efficiency.
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FIG. 4. Upper limits on mixing parameter |V y|? for the heavy
neutrino mass in the range of 10 to 1000 GeV, based on our
derivation from measurements of rare Z-boson decay at the LEP
[66] and the electroweak precision data (EWPD) [63,67-71], and
analyses of the pp — 7=¢%jj signal at the HL-LHC and SppC/
FCC-hh.
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IV. RESULTS

In this section, based on our analyses, we show the upper
limits on the mixing parameter |V y|> for the heavy
neutrino mass my in the range of 10 to 1000 GeV.

In Fig. 4, we show upper limits at 95% C.L. on mixing
parameter |V_y|* for the heavy neutrino mass in the range
of 10 to 1000 GeV, based on our derivation from mea-
surements of rare Z-boson decay by the DELPHI collabo-
ration at the LEP [66] and the electroweak precision data
(EWPD) [63,67-71]. Limits at 2- and 5-¢ significances
from analyses of the pp — t7% ] signal at the HL-LHC
and SppC/FCC-hh are also displayed in the same figure.
We emphasize again that for all limit curves, the heavy
neutrino is assumed to mix with active neutrinos of tau
flavor only, i.e., [V y[* #0 and |V y[* = |V, y[* = 0.

At both colliders, the 5-¢ limits are slightly weaker than
those for 2-¢. At the HL-LHC, the 2-6 upper limits on
|V v|? decrease from 1.56x 1073 to 2.56x 10~* when my
changes from 10 GeV to 20 GeV; limits are relatively flat
for my in the middle range between 20 GeV and 50 GeV,
and increase rapidly to 5.29 x 1072 at around 100 GeV;
limits then increased steadily as my changes afterwards.

The limits at the SppC/FCC-hh is lower than those at the
HL-LHC, but results are just slightly stronger, particularly
for heavy neutrino mass below 100 GeV. This is counter-
intuitive because usually one expects the limits can be
improved greatly when the center-of-mass energy /s is
increased from 14 TeV to 100 TeV at p p colliders. We check
and find that the reason is that at p p colliders, huge number of
mesons, for example D-, z-, B-, Q-meson, are produced.
These mesons can decay into muons and contribute to the
background. The number of mesons is much larger at /s =
100 TeV than that at 14 TeV, leading to much larger
background at 100 TeV. Our analyses show that, for example,
when my = 50 GeV, the number of total background
(signal) events after preselection is a factor of 521 (31)
larger at the SppC/FCC-hh than that at the HL-LHC. The
increment of signal renders better limits at 100 TeV, but the
improvement is restricted by the increment of background.
Therefore, in order to obtain stronger sensitivities at future
experiments, we suggest that sophisticated methods need to
be adopted to reject the meson background more efficiently.

V. SUMMARY AND DISCUSSION

Heavy neutrinos predicted by the seesaw mechanism is
one important candidate beyond the standard model. They
can mix with active neutrinos of all flavors, in principle.
Compared with plentiful studies focusing on the mixing
parameters |V ,y|* and |V,y|?, because of the challenges in
detecting the final state taus, the mixing parameter |V y|? is
more difficult to be probed, making it not well studied at
current experiments.

In this article, we concentrate on the challenging
scenario where N mixes with active neutrino of tau flavor

only, i.e., [V.y[* # 0 and |V, y|* = |V,y|* = 0. We derive
current constraints on the mixing parameter |V y|?> for
heavy neutrinos mass in the range between 10 and
1000 GeV, from the measurements of rare Z-boson decay
at the LEP and the EWPD.

To forecast future limits on |V,y|?, we also search for a
heavy Majorana neutrinos via the lepton number violating
signal process of pp — t57%jj at future pp colliders. We
consider the HL-LHC (SppC/FCC-hh) running with center-
of-mass energy of 14 (100) TeV and an integrated lumi-
nosity of 3 (20) ab~!. To simplify the analyses, we con-
sider the simplified Type-I model and assume that only one
generation of heavy neutrinos N is light and can be
produced at colliders. Because the hadronically decaying
tau final state suffers from too large background, in order to
suppress the background, we select the final state where
both taus decaying leptonically into muons. We develop
the search strategy, and simulate the collision events for the
signal and six SM background processes, which include the
single boson process W*jj and Zjj, the diboson process
W*Zjj, WrW~jj, ZZjj, and ditop process 7. Multivariate
analyses are performed individually to optimize the selec-
tion cuts and obtain the corresponding best limits for each
representative my case.

In Fig. 4, we show upper limits on |V_y|* for my in the
range between 10 and 1000 GeV, based on our derivation
from measurements of rare Z-boson decay at the LEP and
EWPD, and analyses of the pp — 757%jj signal at the
HL-LHC and SppC/FCC-hh. We find that much more
mesons are produced when +/s is increased from 14 TeV to
100 TeV at pp colliders. They can contribute to the
background, which lead to just slightly stronger limits at
the SppC/FCC-hh than those at the HL-LHC.

We assume that N decays promptly in this study.
However, when the lifetime of heavy neutrinos are
long enough, they can have probability to travel through
the detector and will not contribute to our signal. Therefore,
in such case, the number of signal events needs to be
multiplied by the average probability P of heavy neutrinos
decaying inside the detector’s fiducial volume. The long-
lived effects have been studied by both the ATLAS and CMS
collaborations at the LHC (see, e.g., Refs. [46,48,49]). The
results show that when my < 20 GeV, the long decay path
begin to cause large signal efficiency losses, and searches
from the displaced vertex signature become more sensitive
to |V, y|* than the prompt signature when my < 15 GeV.
Therefore, careful studies focusing on the displaced vertex
signature are needed for lower mass region, especially when
my < 20 GeV, which can improve the limits from this study
in this mass region.

In this study, we focus on the scenario where |V y|* # 0
and |V, y|> = |V,v|*> =0, and select the final state with
both taus decaying leptonically into muons. The scenario
with |[V,y[*#0 could also lead to final state muons.
However, for the tau decay, the energy and momenta of
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tau are split among the final state muon and neutrinos,
leading to softer muons and moderate missing energy.
Therefore, in principle, kinematics are different for various
mixing parameter assumptions. We investigate the effects
of varying assumptions of mixing parameters, and show the
results in Appendix D.

We note that although our results show that the limits at
pp colliders are weaker than those from the measurements
at LEP and EWPD, the LNV signal process considered in
this study depends on the mixing parameter |V y|? only and
exists once |V, y|> # 0, so it provides an opportunity to
search for heavy Majorana neutrinos and probe |V |
independent of other mixing parameters. Therefore,
although this signal are challenging to be detected at
colliders because of the final state are taus, this signal is
still meaningful and deserves careful study.

Our analyses indicate that limits at pp colliders are
restricted by the meson background. In the literature (e.g.
Ref. [47]), it is usually categorized into the “misidentified-
lepton” background, and is rejected mainly by exploiting the
fact that these misidentified Ieptons are generally less isolated
and tend to have larger impact parameters. In this study, the
isolation and other kinematical information related to muons
has been adopted in the multivariate analysis. However, since
the impact parameter observable of the muon cannot be
easily exported by our simulation programs, it has not been
exploited in this study. Therefore, the impact parameter
observable can be used to reduce the background further and
enhance the limits for this study. Moreover, we suggest that,
in order to obtain stronger sensitivities at future experiments,
more sophisticated methods need to be developed to reject
the meson background more efficiently.
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APPENDIX A: DISTRIBUTIONS OF KINEMATIC
OBSERVABLES

Here, F7 is the magnitude of the missing transverse
momentum. pr is the transverse momentum of the final
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APPENDIX B: DISTRIBUTIONS OF BDT RESPONSES
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APPENDIX C: THE SELECTION EFFICIENCY TABLE

TABLE II. Selection efficiencies of preselection and BDT cuts for both signal and background processes at the HL-LHC in the

scenarios with different my assumptions, where “- - -’ means the number of events can be reduced to be negligible.

my Selection Signal B1 B2 B3 B4 BS5 B6

20 GeV Preselection  4.16 x 107 1.66 x 10> 1.85x 107 384 x10™* 391 x107° 887x107° 226x107°
BDT > 0.079 6.30x 107" 432x1072 541x1072 5.07x1073 733 x107° 849x 1073 5.01x1073

30 GeV Preselection 590 x 107 1.66 x 107> 1.85x 107 384 x10™* 391 x10™°> 887x107 226x 107
BDT > 0.151  3.07x 107"  4.67x107% 636x 1073 1.14 x 1073 2.51 <1073

40 GeV Preselection  7.57 x 107 1.66 x 10> 1.85x 107 384 x10™* 391 x10° 887x107° 226x 107>
BDT > 0.129 493 x 107" 223 x1072 1.72x1072 343x1073 733 x107° 424x1073 251x1073

50 Gev Preselection ~ 8.13x 107  1.66x 107> 1.85x 107 384 x10™* 391 x107° 887x107 2.26x 107
BDT > 0.116  4.67x 107"  8.17x 107 1.15x 1072 147x107 3.66 x 1073 2.51 x 1073

60 GeV Preselection  7.16 x 107  1.66x 107> 1.85x 10™* 384 x10™ 391x105 887x107° 226x107°
BDT > 0.136  6.22x 107! 1.63x 1072 1.97x 1072 3.11x 1073 3.66x 107 424x107°% 251x107?

20 GeV Preselection  7.16 x 107 1.66x 107> 1.85x 107 384 x10™* 391x10° 887x107° 226x107°
BDT > 0.130  3.64 x 107"  1.05x 107" 153x1072 245x1073 3.66x 107 7.07x 1073 251 x1073

100 GeV Preselection  2.00 x 1073 1.66 x 107> 1.85x10™* 384 x10™ 391 x107° 887x107° 226x107°
BDT > 0.142 433 x 107" 1.87x 107! 229x1072 1.69x1073 1.83x107° 5.66x1073 5.01x1073

300 Gey  Preselection 1,07 x 1072 1.66x 107  1.85x107* 384x107* 391x107 887x107 226x 107
BDT > 0.155 5.02x 107" 233 %1073 127x107% 433x1072 330x1072 1.41x1072 133 x107!

500 GeV Preselection 128 x 1072  1.66x 10> 1.85x10™* 384 x10™* 391 x10° 887x107° 226x107°
BDT > 0.210  4.73 x 10~ e 6.36 x 107*  1.32x 1072 1.10 x 1072 2.01 x 1072

TABLE III.  Selection efficiencies of preselection and BDT cuts for both signal and background processes at the SppC/FCC-hh in the

scenarios with different my assumptions, where “- - - means the number of events can be reduced to be negligible.

my Selection Signal Bl B2 B3 B4 B5 B6

. Preselection 430 x 107 137 x10™* 527x107 247x107* 223x10™* 3.12x107° 5.30x 1073
BDT > 0.071 9.81x1072 298x1073 1.13x1072 261x1073 1.09x107> 1.30x 1072

30 GeV Preselection 529 x 107 137 x107* 527 x 107 247 x10™ 223x107* 3.12x 107 530x 107>
BDT > 0.126 371 x 107! 511 x 1073 233x 1072 418x 10 145x 1072 4.55x 1072 o

40 GeV Preselection ~ 6.12x 107 1.37x 107 527x 107 247 x107* 223x10™* 3.12x107 530x 107
BDT > 0.144 276 x 107" 298 x 1073 1.13x 1072 1.57x 1073 3.62x 1073 1.95x 1072 EE

50 Gev Preselection  6.13x 107 137 x10™* 527 x107 247x107* 223x10™* 3.12x107° 5.30x 107°
BDT > 0.098 3.09 x 107! 237x10™* 353x10™* 1.08x10™* 4.65x107° 1.06x 1073 e

60 GeV Preselection  5.69 x 107 137 x107* 527 x 107 247x10™* 223x10™* 3.12x 107 530x 107>
BDT > 0.128 1.18 x 107! 7.71 x 107* 4.66 x 102 2.09x 10~ 3.62x 10~ 1.95 x 1072 e

30 GeV Preselection  5.69 x 107 137 x107* 527 x 107 247 x10™* 223x10™* 3.12x 107 530x 107>
BDT > 0.076 452 x 107!  9.77x 1073 4.73x 1072 8.62x 1072 6.16 x1072 149x 107" 1.39x 1072
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TABLE III. (Continued)

my Selection Signal B1 B3 B4 B5 B6

100 GeV Preselection 255 x 1073 137 x10™* 527x 1075 247 x10™* 223x10™* 3.12x 10 530x 107
BDT > 0.048 4.19x 107! 925x 1073 3.60x102 841x102 688x102 123x107! 3.49x 1072

300 GeV Preselection  1.10x 1072 137 x10™* 527x 1075 247x10™* 223x10* 3.12x1075 530x107°
BDT > 0.147 549 x10~' 852 x10™* - 333x107%  6.04x107* 159%x 1073 1.29x10™*

500 Gev Preselection 122 x 1072 137x107* 527x1075 247x10™* 223x10* 3.12x1075 530x107°
BDT > 0.240 3.93 x 107! e e 925 x 107 4.65x 1073 e

200 GeV Preselection 120 x 1072 137 x10™* 527 x 1075 247 x10™* 223 x107* 3.12x 10 530x 107
BDT > 0.195 6.69x 10~"  1.29 x 1073 - 8.09x 1072 725x 1072 390x 1072 1.39x 1072

900 GeV Preselection  1.19x 1072 137 x10™* 527 x 1075 247 x10™* 223 x10™* 3.12x 10 530x 107
BDT > 0.178 674 x 107! 2.57 x 10~* - 287x1072  1.09x 1072 130 x 1072 .

APPENDIX D: EFFECTS OF VARYING
ASSUMPTIONS OF MIXING PARAMETERS

To estimate the effects of varying assumptions of mixing
parameters quantitatively, we compare the results for three
assumptions of mixing parameters: (i) |V, y|> #0 and
Ve = Vi[> =0 (i) [Vuu? #0 and [V =
[Voy|? = 0; (i) [Von|> = [Vn[* #0 and [V, ][> = 0. We
make case (i) as the theoretical hypothesis, and test the
results of cases (ii) and (iii). Specifically, we firstly apply
the same preselection cuts as described in the article for all
three cases. Then, the BTD training and test are performed
by inputting the signal of case (i) and SM background.
This trained program is finally applied to all three cases,
and the same BDT cut is adopted. In this way, the effects on
results can be estimated as changing kinematics for differ-
ent cases.

In Fig. 9, we show distributions of kinematic observ-
ables and BDT response after applying the preselection
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FIG. 9. The distributions of kinematic observables
and BDT response after applying the preselection cuts when
my = 50 GeV, for three assumptions of mixing parameters.

cuts when my = 50 GeV for three cases. One observes
that compared with cases (ii) and (iii), the transverse
momenta of final state muons are indeed softer, while
the missing energy is larger in case (i). We note that the
case (ii) and case (iii) have very similar distributions.
This is because due to small branching ratio of
77 = p v, most signal events in case (iii) are still
consisting of muons directly from N vertex, rather than
the tau decays.

Table IV shows the select efficiencies of preselection
and BDT cuts for all three signal cases in Appendix D.
One observes that compared with case (i), the total
efficiency increases by a factor of 209 and 64 in the
cases (ii) and (iii), respectively. This is mainly because
the small branching ratio of 7= — p~,v, and softer
muons render signal events in case (i) passing preselec-
tion cuts less efficiently. This is also the main reason why
limits on the mixing parameters in case (i) are usually
weaker than those in cases (ii) and (iii). However, we
emphasize again that cases (ii) and (iii) require the
existence of sizeable |V”N|2, while case (i) depends on
|V.v|? only. In this sense, it is inappropriate to compare
the limits for different cases, and this study focusing on
case (i) still has its unique significance. In future experi-
ment, once the signal is observed, three cases can be
distinguishable based on kinematics.

TABLE IV. Selection efficiencies of preselection and BDT cuts
for signals in three cases at the HL-LHC when my = 50 GeV.
The last line indicates the total cut efficiencies.

my Selection Case (i) Case (ii) Case (iii)
Preselection  8.13 x 10™* 1.26 x 10~ 3.78 x 102

50 GeV BDT > 0.116 4.67x 107! 629 x 107" 6.42 x 107!
Total 3.80 x 107 7.95x 1072 242 x 1072
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