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1 Introduction

High energy muon colliders are exciting future opportunities that could probe 10 TeV scale
and higher physics thoroughly thanks to its high center of mass energy and clean lepton
collider environment [1-9]. The muon collider physics potential in the mysterious neutrino
sector is yet to be understood. The Neutrino sector sources several puzzles of the Standard
Model (SM), such as the origin of neutrino mass and the structure of its mixing [10-20].
The neutrino sector can also help solve many pressing issues, such as matter-antimatter
asymmetry through leptogenesis. Of the various approaches to account for the smallness
of the neutrino mass and many puzzles, the seesaw mechanisms provide appealing natural
explanations. In particular, heavy fermions carrying lepton numbers, singlets under the
electroweak symmetry, are introduced in a large class of seesaw models [21-37] and models
of (partially) composite neutrinos [38-41].

We dub these heavy degrees of freedom with mass above MeV as heavy neutral lep-
tons (HNLs) [42-46]. Their mass range is broad since both low-scale, and high-scale mech-
anisms can be viable. HNLs can mix with the “active” neutrinos making it potential to be
detected in various experimental facilities.



The HNL serves as a simplified benchmark elucidating a broad class of testable seesaw
mechanisms. In more generalized considerations, the HNLs can uniquely serve as a singlet
fermion portal between the SM sector and hidden sector physics. We can parametrize the
HNL in terms of the mass my and the squared mixing angle |Uy|? where £ refers to the
flavor. Theoretically, one must introduce at least two HNLs to explain the mass difference.
For simplicity of the phenomenological discussion, one chooses to turn on only one HNL
at a time, which is assumed to dominate a given HNL’s flavor property. One can also
instead assume a fully mixed HNL, which requires proper weighting of the sensitivities
from various channels. HNLs have long been the target of particle physics searches via
various experimental approaches. Depending on the mass range for my, the dominant
decay channel for HNL can be distinct. For example, in the mass range of GeV to W boson
mass, the HNL can not decay to an on-shell massive gauge boson, so the leading decay
channel is three-body final states which can enhance its lifetime [47, 48]. The HNL can be
long-lived enough at the detector scale; hence one can exploit the displaced vertex signal
to reconstruct the HNL [49-58]. While for lower mixing angles and in the sub-GeV regime,
HNL can be even more long-lived and be complementarily probed at far detectors using
beam-dump experiments [59-68] such as CHARM [69, 70], NuTeV [71], etc.

This paper studies the HNL detection on the muon collider and focuses on the mass
regime my > O(100) GeV. The decays into heavy gauge bosons or Higgs bosons is open.
Hence HNL decays promptly once produced. The study in the mass range has been con-
ducted on the LHC [72-86] and future lepton colliders [86-90]. We want to stress that at
the muon collider, we can achieve better constraints on the |Uy|? —m plane, especially for
the muon flavor. The first advantage of the muon collider is the clean environment com-
pared to the hadron collider. We can easily control the background and avoid much QCD
background noise. The fixed kinematics for the initial colliding muons make the events
reconstruction much simpler. Furthermore, in contrast to the future proposed electron-
positron colliders, muon colliders can achieve much higher center-of-mass energy (c.m.s).
High Energy muon collider can run with /s = 3TeV and 10 TeV at the first step. This
can greatly improve our probe of the new physics scale or the HNL mass scale. Exploiting
such significant advantages, we will show that we can open a new specific region in the
parameter space and push U 3 down to O(10~7) at best.

The rest of this paper is as follows. In section 2, we make a brief introduction to the
simple Type-I seesaw model and parametrize the HNL at the Lagrangian level. Then we
present in detail the signal production considerations in section 3, the signal and back-
ground events generation section 4, and the analysis method and results in section 5.

Finally, we conclude in section 6.

2 Theoretical framework

This section briefly reviews the HNL theory framework relevant to this study. We begin
with the simplest Type-I linear seesaw model. Introducing a new heavy fermion N, the
Lagrangian is given by

L, > ~\LAN — %NCN +he., (2.1)



where H = iooH*. In the flavor basis {v7, N°} the mass matrix is

MV=< 0 mD>, (22)

mp mn

where mp = \,v/v/2 with the vacuum expectation value of the Higgs field v = 246 GeV.
Diagonalizing the mass matrix, we get the two eigenvalues of the masses

m? m?
my =mi ~ —2 = mpsiné, mo ~my + —2 ~my (2.3)
my mn

where we have assumed my > mp. The mass eigenstates are the mixing of the two flavor
states with mixing angle sinf = mp/my

U = cos vy, +sinONg , Ny, = cosONgr —sin vy . (2.4)

Here the subscript m refers to the mass eigenstate. In terms of physical mass, we can

express
m
\U|? = sin?0 = —2 | (2.5)

mn

where we have converted to the common convention U, to describe the mixing angle.
For A, taking O(1) value, the mass of the HNL is too large to be accessible at colliders.
There are more extended seesaw models incorporating lighter HNLs which can be testable.
One example is the inverse seesaw model [86, 91-96]. Both left-handed and right-handed
neutrinos are introduced as F7, and Fr, respectively. The relevant Lagrangian terms are

. _ 1 -
— L, DNLHFr+ MFFr + §MFEFL + h.c. (26)

The first two terms are the Dirac mass terms, and the third is the Majorana mass term.
In the basis of (vr, Ff, Fr), the mass matrix is given by

0 mp 0
M,=|mp 0 M (2.7)
0 M pu

where again we have mp = \,v/ v/2. Under the limit <K mp <K M, the three eigenvalues
of masses are given by

2
mp [ 1
N = Mio~ M+ - 2.
N VN 1.2 la (28)
and the mixing angle is given by
2

: mp my
Ug|? =sin® 6 = () =—. 2.9
v 7)== (29)

Since p is a free parameter that is far smaller than the HNL mass, the mixing angle may
be sizeable. Another interesting seesaw model is the linear seesaw model [97-99], where we
introduce extra fermion with Dirac mass m,, and the mixing angle is given by

sinf = 2. (2.10)

M



The presence of m,;, violates the lepton number. Hence, we can treat my, the mass of HNL,
and the squared mixing angle, |Uy|?, as free parameters. As discussed in the introduction
section, we choose to turn on one flavor each time and introduce one HNL which can be
either Dirac or Majorana. Such a choice is convenient for collider phenomenology analysis,
and we can focus on a specific flavor. Under the mixing angle with the SM neutrino flavor,
we can write down the relevant interactions

Up o - U
c DL; (Wi N +hc.) = =22

V2 2 cos O, Zu (DLV#N + NW”I;L) - Uf%h (17LN + NZ/L)

(2.11)

where we only keep the linear term of Uy,. The HNL couples to massive gauge bosons and
Higgs bosons with the size suppressed by the mixing angle Uy. For my above O(GeV)
scale, the main production channel for HNL is from the on/off-shell massive gauge boson
decay. The produced HNLs are fully polarized due to the mixing with SM left-handed
neutrinos. We focus on the mass range my larger than O(100) GeV, the dominant decay
channel for HNL is to on-shell massive gauge boson and Higgs boson. These are 1 to 2
processes so HNL will promptly decay after it is produced at the interaction point. For
mpy > my, the lifetime of HNL is given by [76]

2, .3
m
FNN g N |2

~ TN (2.12)
32772m12,v

Whether the HNL is Dirac or Majorana does not affect the production signature, only
the left-handed component of HNL shows up due to mixing. However, it indeed impacts
the decay pattern. As is shown in [100-102], for the decay channel N — v+ X in which X
is a self-conjugate boson, one can define the following forward-backward symmetry Apg in
the rest frame of N

1 dar 0 dar
fO dcosBXdCOSHX - f—l dcosGXdcoseX

1 dr 0 dr ’
fO dcosOXdCOSHX + ffl dcos@xdcosex

App = (2.13)
For the Majorana HNL, the decay is isotropic at the leading order, and hence App is
vanishing. While for Dirac spinor, App is non-zero due to the helicity selection. A similar
case is for the charged lepton final states. For the Dirac spinor case, N, can only decay to
¢~ with the same lepton number plus W*. While for the Majorana spinor case, where the
lepton numbers are no longer conserved, both (¢~, W) and (¢, W ™) can appear in the
final states. One can show that the sum of angular distributions will be isotropic if N is
Majorana fermion and non-isotopic for the Dirac HNL case. In this study, we only show
the results of kinematics simulating the Dirac fermion case, and one can further optimize
for the Majorana case.

3 HNL productions at high energy muon colliders

We study two benchmark future muon collider running scenarios. The 3 TeV muon collider
benchmark has a 3 TeV center of mass energy and 1ab~! integrated luminosity. The 10 TeV



muon collider benchmark has a 10TeV center of mass energy with 10ab~! integrated
luminosity.

We divide our simulation and analysis into the following four categories: the u-flavored
and e-flavored HNL at /s = 3TeV and 10 TeV. Note that the 7-flavored HNL results will
be similar to that of the e-flavored HNL. We will discuss an extrapolation in the final
section when we show the results. The Muon collider is advantageous for the muon-flavor
HNL production, as the dominant production channel for N, is t-channel which avoids
the 1/s suppression for the s-channel processes. While for e-flavored case, N, are mainly
produced via the s-channel at 3 TeV and Vector Boson Fusion (VBF) processes at 10 TeV.

For the muon-flavored HNL, the Feynman diagram for the leading t-channel process is
shown in the left panel of figure 1. By exchanging ¢-channel W boson, initial state muon
pairs produce pairs of neutrinos, one of which can be N, due to mixing. At high /s,
the forward scattering dominates; hence NN, is emitted almost along the direction of p~
while N . comes out backward. The forward scattering dominance becomes more and more
prominent for lighter and lighter HNLs.

While for e/7-flavored production, the leading s-channel diagrams are shown in the
right panel of figure 1. The muon pair first annihilates into an off-shell Z boson, which
converts into v, + N, or e+ N., and this process is p-wave angular distributed. The angular
distribution is more evenly distributed in contrast to the forward production dominance
from the muon flavor. However, its cross-section is highly suppressed by the s-channel
propagator. We plot the leading 2-to-2 cross section in figure 2 for comparison.

Another important contribution to HNL production is the VBF processes. As elab-
orated in [3, 103], with the energy scale increased, for a fixed HNL mass, the role of the
virtual electroweak gauge bosons becomes more and more relevant. The growth of the
VBF rate requires a resummation of large logarithms appearing in the process. By per-
turbatively computing the splitting function, we can use the Parton Distribution Function
(PDF) [3, 103-108] to compute the scattering of these off-shell gauge bosons. Naively the
cross section scales like a3y, log(s) where ay = g3, /(4) refers to the electroweak coupling
square. Its ratio to the s-channel cross-section can be estimated by [3]

OVBF 2 S S

9 S
P x awm—% log % log m—?v . (3.1)

As the muon collider center of mass energy increases, the contribution from the VBF
process can dominate over the s-channel process. The next section will show that, at
Vs = 3TeV, the cross-section of the VBF process is sub-dominant with a comparable size.
While /s reaches up to 10 TeV, the VBF process primarily contributes to the total signal
rate for e-flavored HNL.

We used both analytical calculation, convolution with EW PDF, and event gener-
ator to study and cross-check the signal rates. We simulate the whole process using
MadGraph5_aMCONLO [109, 110] to generate the signal events. The Universal FeynRules
Output (UFO) [111] models HeavyN [73, 74, 112] generated by FeynRules [111, 113] is
employed. The charged current decay of HNL is the focus of this study due to enhanced
observability through the charged leptons and the possibility of reconstructing HNL res-
onance from the hadronic W decays. The branching fraction of HNL decaying into this
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Figure 1. The Feynman diagrams for ytp~ — Ny + 1. The left panel is for N, and the right
panel is for N, /..
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Figure 2. The cross section of the 2-to-2 process u™u~ — Ny + iy as a function of my for £ = pu
and e respectively. The blue curve refers to /s = 3 TeV and the red curve is for /s = 10 TeV.

channel is shown in figure 3 as a function of mpy. The branching fraction is independent of
|Uy|? to the leading order. The backgrounds will be dominantly from various SM processes
with hadronic W bosons and as well hadronic Z bosons. The next section presents the
pre-selection of the signal and background events for the four categories.

4 Signal and background after pre-selection cuts

This section discusses the baseline signal and background cross-sections after the pre-
selection cuts (PSC). As we shall see later, pre-selection cuts are sometimes needed for
a consistent definition of the cross-section. PSC can help identify backgrounds that can
fake the signal with particles along the beampipe or the shielding region. Also, it can help
physically regular a few singularities we could encounter. We will elaborate in a later part
of this section. We list all possible production channels for the signal, including the leading
2-to-2 and 2-to-4 (VBF) channels. As mentioned above, the final states considered are
hadronic weak-boson jets plus a charged lepton. We assume the W and Z boson can be
constructed by the dijets or merged fat jet system, with a conservative assumption that
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Figure 3. The branching ratio of the Dirac HNL decay channel N, — WT£~ as a function of
mp. This channel allows full reconstruction of the HNL decay and reaches the equivalence limit of
50% at ~ 1 TeV.

we cannot distinguish between hadronic W and hadronic Z. Consequently, for signal we
first consider the chanel u*pu~ — 7y + Ny, followed by N, — ¢~ + W ™. For background,
we generate utpu~ — V + ¢~ + X in which V refers to either W or Z gauge boson, and
X refers to other particles escaped detection. In what follows, we discuss them channel
by channel.

Several subtle points in the computation of the VBF processes are worth mentioning.
First, the emitted virtual photon from the incoming muon has infrared divergence. Such
divergence can be avoided using the equivalent photon approximation (EPA) or the pho-
ton PDF. The simple EPA needs to be replaced by consistent electroweak (EW) treatment
at high energy muon colliders [103]. In principle, inclusive VBF processes are more con-
veniently calculated using PDFs of EW gauge bosons.! However, when we compute the
partonic cross section of the gauge bosons scattering, t-channel singularities arise as PDF
assumes the “incoming” gauge bosons are on-shell, while in reality, they should be having
space-like-separations of off-shell momentum. In other words, we encounter a fake singular
behavior caused by the quasi-real partonic assumption. We will analyze the individual
channel carefully and extract the primary contribution to avoid such an unphysical issue.
Another interesting issue that we plan to elaborate more in future work arises. Some of
the processes can be seen as the scattering of the decay debris of muon with the other anti-
muon. So in the 2-to-4 diagrams, we encounter the on-shell internal propagator, which is
the so-called ¢-channel singularity [114-116]. It is claimed that the cross section of such
diagrams is proportional to the incoming muon beam size, so it is not a concern for us. We
will elaborate in the following when we deal with the explicit diagrams.

Since the final states are composed of charged lepton, neutral lepton, and gauge bosons,
we define the pre-selection cuts (PSC) on the charged lepton to be visible as follows:

pr(€) > 20 GeV, In(0)] <2.5. (4.1)

'A matching procedure between the massless splitting functions and massive “partons” needs to be

cautiously made.



) o/|Uy|? (w. conj. channel?) .
Type Signal process Pre-selection cut (PSC) | Included
my = 1TeV
t-channel whp™ — Ny, 43.5pb PSC Yes
VBF prp™ — p T Ny, ~ 1pb — No
VBF whp™ — v Ny, ~ 0.1pb — No

Table 1. The signal rate for N, at 3TeV muon collider. The pre-selection cut is defined as:
pr(£7) > 20GeV and |n(¢~)| < 2.5 where £~ comes from Ny decay. The cross-section includes the
charge conjugate process.

Type Background process o (w. conj. channel) | Pre-selection cut (PSC) | Included
t-channel prp= — Whtump, 0.788 pb PSC Yes
t-channel T — Zptuo 0.62 pb PSC & missing pu™ Yes

VBF ptp” — pt e Wtu o, 0.18 pb PSC & missing ut ™ Yes

VBF ptp” — W, 0.028 pb PSC Yes

VBF phpm — e Wt o, 0.004 pb PSC No

Table 2. N, background at 3 TeV. The cross section includes the charge conjugate process.

In the following subsections, we list the cross section of various channel processes. It
should be emphasized that we only enumerate the N, production, and the N, production
is the charge conjugate process of that for N,. The same cases apply to the background
events. We double its rate and the values in the rate columns have included both the
positive charge and minus charge cases.

4.1 p-flavored HNL at 3 TeV

We list the signal cross section for various channels in table 1. The mass my is set as
1TeV as a benchmark value. The value of the cross-section o/|U|? is after Ny decaying
into W +/~ and a pre-selection cut on £~ discussed earlier. The first row shows the result
of the leading 2-to-2 t-channel process, which is over 40 pb. The bottom rows are for the
VBF channels where the muon pair in the final states are made invisible. As we can see,
the signal rate of the leading t-channel process is at least two orders larger in magnitude
than that of the 2-to-4 VBF processes. Hence we only keep the 2-body process to when
considering the muon-flavored HNL.

Various channels for the background events are listed in table 2. The primary channels
are ptp~ — Whp v, with o ~ 0.8pb and ptp~ — Zptp~ with o ~ 0.6pb. The
sub-leading VBF processes are listed in the bottom lines, and we will analyze them in
detail next.

The cross-sections of each background process are shown below. The pre-selection cut
is defined as: pp(p~) > 20GeV, |n(p7)| < 2.5.

2When we report cross-sections for the rest of this paper, we include both processes and their charge con-
jugate processes. The reason to label the charges clearly is to avoid ambiguities of various cuts, particularly
regarding collinear particles.



) o/|Uu|* (w. conj. channel) .
Type Signal process Pre-selection cut (PSC) | Included
my = 1TeV
t-channel ptp™ — N, 20.28 pb PSC Yes
VBF php™ — ptp N, ~ 1pb — No
VBF phpT — o N, ~ 0.1pb — No

Table 3. The signal rate for IV, at 10 TeV. The cross section includes the charge conjugate process.

For the first VBF process utpu~ — ptp~Wp~ v, the major contribution is from
the virtual photon emitted from the muon, namely from the following two partonic sub-
processes:

Y= WTW T, W~ — u iy,
7y — WTW—, W~ — u 1,

We extract the leading contribution, namely the pair of ™7, from the on-shell decay of
W™ boson. Other diagrams with off-shell propagators will be suppressed. For the Z*
initial state, if we choose to generate Zy — W p ™1, we will encounter diagrams with the
on-shell internal muon propagator, the unphysical ¢-channel singularity. As we can see in
the 2-to-5 process reported, this diagram is suppressed and can be ignored. We can focus
on the two produced on-shell W bosons followed by the decay of W ™.

For the second VBF process, putpu~ — 0,0, W' "1y, it is dominated by the PDF of
W boson. Here we need to make sure p~ is visible, which ensures that the photon PDF
does not contribute significantly and there is no singularity for this channel. To avoid
fake singularity when using W boson PDF, we choose to run the full 2-to-5 process. Its
cross-section is around 15% of the first VBF processes with exchanging photons. This is
consistent with our physics intuition since the photon PDF dominates over the massive
gauge bosons. The last VBF process is far more suppressed because v v, pair is mainly
from an on-shell Z boson, and the VBF processes are suppressed due to the pre-selection
cuts on p~. We elect to ignore this channel due to its tiny contribution.

4.2 p-flavored HNL at 10 TeV

Here we list the cross section in table 3 and table 4 for signal and background channels on
10 TeV muon collider. The strategy is similar to the 3 TeV case discussed earlier.

We ignore the VBF processes for signal only to keep the leading ¢-channel diagram.
The signal rate before pre-selection cuts increases slightly compared to that on 3 TeV.

For background events, the cross-section of the t-channel processes is reduced compared
to 3 TeV. This is because most of the forwarding events are rejected by the PSC. The cross-
section of VBF processes is increased by at least a factor of 2. The gauge boson PDF will
be enhanced as /s jumps from 3 TeV to 10 TeV. On the other hand, the final state particles
are more boosted, leading to fewer events passing the pre-selection cuts. As a result, the
VBF process is comparable in size to that of 2-to-3 t-channel processes.



Type Background process o (w. conj. channel) | Pre-selection cut (PSC) | Included
t-channel prpm — Whtump, 0.214pb PSC Yes
t-channel utpT — Zptuo 0.464 pb PSC & missing ™ Yes

VBF ptp™ — ptpWtu o, 0.401 pb PSC & missing ut ™ Yes

VBF ptp” — W, 0.0686 pb PSC No

Table 4. N, background at 10 TeV. The cross section includes the charge conjugate process.

. o /|Ue)? (w. conj. channel) )
Type Signal process Pre-selection (PSC) | Included
my =1TeV | my = 2.5TeV
s-channel prp™ — Neve 0.0024 pb 0.00036 pb PSC Yes
VBF pwr ™ — v Neie 0.0008 pb 9.2 x 10~%pb PSC Yes
VBF wrp~ — ptpu  Nove | 3.1 x 1075 pb ~ 1078 pb — No

Table 5. The signal rate for N, at 3TeV muon collider. The pre-selection cut is defined as:
pr(07) > 20GeV and |n(€~)| < 2.5 where £~ comes from N,. The cross section includes the charge
conjugate process.

Type Background process o(w. conj. channel) | Pre-selection (PSC) | Included
t-channel = — Wte i, 0.034 pb PSC Yes
t-channel uwrp~ — Zete 0.014pb PSC & missing e™ No

VBF ptpT — ptumWte i, 0.162 pb PSC & missing putp~ Yes

VBF pwrp™ — pmy,Whe et 0.070 pb PSC & missing p~e™ Yes

VBF ptp™ — vy, Whe i, 0.024 pb PSC Yes

Table 6. N, background at 3 TeV. The final results include the conjugate process that doubles the
cross-section reported here.

4.3 e-flavored HNL at 3 TeV

Compared to the u-flavored case, there is no t-channel enhancement for the e-flavored case.
The leading 2-to-2 channel is via exchanging Z boson in s-channel. Hence its signal rate
(table 5) scales like s~!. The leading VBF processes are similar to the u-flavored case,
except that the N, cannot be emitted directly from the muon.

For the second VBF process putu~ — pup~ N, a pair of (virtual) photons cannot
convert to a pair of neutrinos at tree-level. The cross section of a single photon scatters
with an incoming muon is suppressed. We choose to run the full 2-to-4 VBF processes
instead of using gauge boson PDF since there is no divergence.

For the background (table 6), extra care is needed. The first t-channel is ptpu~ —
Wte™ 1, which is the known channel with t-channel singularity. As we discussed earlier,
we can ignore this divergence due to the small beam size. The primary contribution is
extracted through,

prp” — WTw—, W™ — e . (4.2)

~10 -




. o /|Ue|? (w. conj. channel) .
Type Signal process Pre-selection (PSC) | Included
mNleeV mN:9TeV
s-channel wtp= — N, 0.00024pb | 1.3 x 10~ °pb PSC Yes
VBF whu™ — v, Nee 0.0046pb | 5.2 x 107 %pb PSC Yes
VBF ptu™ — veveNov, | 6.0x10%pb | ~ 1077 pb — No
VBF utu™ — ptu~Noo, | 0.00028pb | 6.8 x 1078 pb | PSC & missing putp~ Yes

Table 7. The signal rate for N, at 10 TeV muon collider. The cross section includes the charge
conjugate process.

For the second t-channel process, the main diagram is
+ — —_ —
pwtpT — ZZ, Z — e V. (4.3)

For the first VBF process utu~ — putpu~Wte e, the dominant contribution is from
the photon PDF. It turns out this subprocess takes the largest part of the background.
We have

Y — WTW T, W~ — e re. (4.4)
The second largest VBF process is on the second last row, p*p~ — p~,Wte et. The
primary contribution is from the scattering of the virtual photon and . The t-channel
singularity shows up in v* ™ — 7, WTe~e™ due to the subprocess v*v, —> WTe™ where
Ve is the on-shell decay product from p*. Hence we generate the following

vut — v, WtZ, Z—sete . (4.5)

A similar singularity would appear for the last VBF process. We can divide it into the
following two channels:
+,,- = o T - -
prpT — vy, WWW, W™ — e 1, (4.6)
ptu™ — ZWTW, Z — vy, W~ — e D. '
4.4 e-flavored HNL at 10 TeV

The cross sections for e-flavored signal processes at 10 TeV muon collider are listed in
table 7. As can be seen, the cross-section drops with increasing mpy. The VBF process
dominates at low m, and drops quickly in the high m y regime due to the PDF suppression.

For 10 TeV e-flavored HNL background (table 8), the process of u*p~ — v, Wte 1,
is negligible comparing to other two VBF processes. As we will see in the next section,
after the analysis cuts, t-channel is the dominant background for high-my regions, and the
other two VBF processes dominate in the middle/low-my regions.

5 Analysis

After generating the signal and background events passing the pre-selection cuts in the
previous section, we proceed with the analysis and report in this section. The heavy
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Type Background process o (w. conj. channel) | Pre-selection (PSC) | Included
t-channel uwru= —s Wte o, 0.030 pb PSC Yes
t-channel ptp~ — Zete™ 0.00010 pb PSC missing e* No

VBF T — ptumWte o, 0.40 pb PSC & missing p~pt Yes

VBF phu™ — v, Whe b, 0.063 pb PSC No

VBF prpu~ — p o, Whe et 0.22pb PSC missing pu~e™ Yes

Table 8. N, background at 10 TeV. The cross section includes the charge conjugate process.

neutrino mass my can be reconstructed through the invariant mass of the hadronic W and
¢ (charged lepton) system. We impose mass-window cut on mpy and generally consider
the transverse momentum pr, pseudorapidity n, and energy E of the charged lepton ¢ and
hadronic weak boson. Selection cuts are chosen to enable a high signal-background ratio
while conservatively not too narrow to allow for unaccounted experimental effects. These
considerations enable us to derive realistic projections on muon collider physics potential
on HNLs.

5.1 p-flavored HNL at 3 TeV

The cuts we have made step by step are listed in the following:

1. Pre-selection cuts: only one charged lepton in the final state, satisfying |n(¢)| < 2.5,
pr(¢) > 20 GeV and veto additional charged leptons.

2. Central hadronic W selection: |[n(W)| < 2.5, pr(W) > 20 GeV, since the forward
hadronic W are not detectable (or detectable but have poor resolution and low effi-
ciency).

3. Mass window: the HNL is reconstructed from the combination of ¢ and hadronic W.
The invariant mass myyy is peaked around the my value for the signal. Due to finite
mass resolution, the mass windows for all benchmarks are set as my & 5%my.

4. Optimization cuts: customized missing pr for each my and E(W) < 1450 GeV.

We summarize the selection efficiencies after the central W cut, the mass window
imposition, and the optimization cuts in table 9. Starting from the pre-selection events, we
calculate the remaining fraction for each step. For low my, the central W rejects a sizable
fraction of the signal events. This low efficiency is caused by the t-channel forward and
boosted HNL decays into forward Ws. For higher mpy values, these cuts keep over 90%
signal events. After the mass window cut, the background events are reduced to O(1%).
The optimization can further reject at least half of the background events.

After applying pre-selection, central W, and mass-window cuts, the missing pp cut is
implemented. The distribution of missing pp for four selective my benchmark values are
shown in the first column of figure 4. The red normalized distributions represent the signal
events, and the blue represents the background events. For example, we can put a lower
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Mass window o
Process Central W Optimization
150/500/1500/2500 GeV
Background 59.15% 0.63/2.5/2.2/1.3% 0.31/0.90/0.95/0.62%

my = 150 GeV 22.09% 22.09% 21.80%
mpy = 500 GeV 91.20% 91.20% 77.59%
mpy = 1500 GeV 99.87% 99.87% 89.79%
my = 2500 GeV 99.96% 99.96% 92.09%

Table 9. Cutflow table for N, at 3TeV. All processes after pre-selection are set to 100%. The
cutflow table for individual background channels is shown in the appendix in table 14.

cut on p,, = 200 GeV for my = 150 GeV to reject the majority of background events while
keeping most of the signal events. For higher my values, the signal distribution moves to
the lower p_, regime. We can maintain most of the signal events in such cases by imposing
an upper cut on p,.. For example, we implement the cut p,, < 200 GeV for my = 1500 GeV.

Furthermore, we put a small cut on E(W) < 1450GeV. A majority background
events are from ptu~ — WTW~, W~ — u~ v, in which the on-shell W boson carries
the energy E(W™) = /5/2. As shown in the middle column of figure 4, in the high-
mass regions, the background events tend to accumulate at 1500 GeV. For the low-mass
region, there is no such pattern, but such a small cut does not affect the background and
signal. Generally, both E(W) and pp(W) provide more distinguishing power in the high-
mass region. After imposing one of the above two variables, the distribution of the other
variable becomes less distinctive between signal and background. However, the background
accumulation at 1500 GeV only appears in E(W) distribution and can be rejected by a light
cut on E(W). Therefore, we choose pr(W) as the final variable to improve the sensitivity
after E(W) < 1450 GeV.

After the optimization cuts, the background and signal can be well separated by the
distribution of W boson’s pr, especially in the high-mass regions. As shown on the right
column of figure 4, the peak value of pp(W) stays at around 200 GeV, while the peak for
signal shifts to higher pr regime as my increases.

Considering the difference between background and signal distribution, we compute
the significance by breaking the pr(W) distribution into 20 bins: s = /> S?/B;. The
exclusion limit of |U|? is calculated under 95% C.L. (s < 1.96).

5.2 p-flavored HNL at 10 TeV

The analysis for py-flavored case at 10 TeV is the same as 3 TeV. After pre-selection, central
W and mass-window cuts, the customized cut on missing pr, and a small cut on E(W)
are implemented. We replaced the cut E(W) < 1450 GeV with E(W) < 4950 GeV. The
calculation of significance is changed from 20 bins to 2 bins due to low statistics. The
cutflow table is shown in table 10.
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Figure 4. The normalized signal and background distributions p-flavored HNL at 3 TeV. The left
column refers to the missing pr distribution after pre-selection and central W cut. The middle
column refers to E(W) distribution after missing py cuts. The right column refers to pr(W)
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respectively.

Mass window o
Process Central W Optimization
150/1000/5000/9000 GeV
Background 34.33% 0.65/0.79/0.66/0.33% 0.057/0.37/0.22/0.16%

mpy = 150 GeV 55.04% 55.04% 55.04%
my = 1000 GeV 54.75% 54.75% 51.63%
my = 5000 GeV 99.93% 99.93% 97.46%
mpy = 9000 GeV 99.99% 99.99% 98.27%

Table 10. Cutflow table for N, at 10 TeV. All processes after pre-selection are set to 100%.
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Mass window o
Process Central W Optimization
150/500/1500/2500 GeV
Background 61.96% 1.8/2.2/0.54/2.2% 0.066/0.016,/0.035/0.051%

mpy = 150 GeV 94.52% 94.52% 70.22%
mpy = 500 GeV 97.33% 97.33% 65.13%
mpy = 1500 GeV 98.92% 98.92% 77.58%
mpy = 2500 GeV 98.98% 98.98% 67.45%

Table 11. Cutflow table for N, at 3 TeV. All processes after pre-selection are set to 100%.

After pre-selection, central W, and mass-window cuts, the optimization cut is imple-
mented on missing transverse momentum p,.. The events concentrated at low p., refer to
VBF background. Those spread on higher p,. belong to the non-VBF background as shown
in figure 5. For my = 150 GeV, we only retain those events with p,. < 500 GeV. While for
higher mass values, we reject the higher p,, events. The cut is conducted on p_. = 500, 400,
and 250 GeV for my equal to 1000, 1500, and 2500 GeV, respectively.

After applying the cut of missing ppr, we add a small cut on E(W) < 4950 GeV. As
shown in the middle column of figure 5, in the high-mass region, the background events
tend to accumulate at 5000 GeV. For the low-mass regions, there is no such pattern, but
this small cut does not affect the background and signal. For the same reason, in the 3 TeV
case, we prefer to leave the cut space for pr(W), which separates the background better.
The pr(W) distribution is used to compute the significance.

5.3 e-flavored HNL at 3 TeV

The analysis of e-flavored HNL at 3TeV follows p-flavored analysis. Importantly, the
missing pr distributions differ from the u-flavored signal. Considering the u-flavored signal,
t-channel prefers a forward scattering (low pp(v)), and such preference causes a skewed
distribution for missing pr, which is the same as the background. However, the s-channel
is a main part of the e-flavored signal, which exhibits an opposite shape. The missing pr
for both channels under my = 1000 GeV is shown in figure 6. Therefore, a cut on missing
pr is expected to reduce the background effectively.

The cutflow process followed as p case. We take the same pre-selection cuts, central
hadronic W selection, and the mass window cut on myy, as in the p-flavored case. For the
optimization cuts, we impose a cut of E(W) < 1450 GeV, and the customized p,. cuts for
each my benchmark.

We summarize the selection efficiencies under each cut in table 11. After the mass
window cuts, only O(1)% of the background events are maintained, and this ratio can be
reduced to 0(0.01)% after the optimization cuts.

After the mass window cuts, the P distributions are shown on the first column of
figure 7. For low mpy cases, we can see two peaks for the signal shape. The part of
signal events that accumulate on the right is from the 2-to-2 ¢-channel process, while the
events peaked at low missing pr regime are from the VBF processes. Since the VBF
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Figure 5. The normalized signal and background distributions of p-flavored HNL at 10 TeV. The
left column refers to the missing pr distribution after pre-selection and central W cut. The middle
column refers to E(W) distribution after missing pr cuts. The right column refers to pp (W)
distribution after E(W) cut. Blue and red bins represent background and signal distributions,

respectively.
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Figure 7. The normalized signal and background distributions e-flavored HNL at 3 TeV. The left
column refers to the missing pr distribution after pre-selection and central W cut. The middle
column refers to E(W) distribution after missing pr cuts. The right column refers to py(W)
distribution after E(W) cut. Blue and red bins represent background and signal distributions,
respectively.

events are mostly concentrated at low v/ region, as the value of my increases, the VBF
contribution to the signal is gradually diminishing. For the background, the dominant
channel is v*v* — WTW ™=, W~ — u~ i, which leads to the highly forward .. Therefore
the background peaks at low p,, region. This feature allows us to select the events at
higher ...

We show the distribution of E(W) and pr(W) again in the middle and right columns
of figure 7. For a similar reason, we reject the events E(W) < 1450 GeV and finally use
the distribution of pp(W) to compute the sensitivity.

5.4 e-flavored HNL at 10 TeV

The cutflow process (table 12) for e-flavored HNL at 10 TeV is similar to 3 TeV in the
previous subsection. However, the distribution of missing pr for the signal is less distinctive
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Mass window o
Process Central W Optimization
150/1000/5000/9000 GeV
Background 34.19% 1.2/0.63/0.023/0.134% | 0.16/0.22/0.011/0.0032%

mpy = 150 GeV 83.84% 83.84% 66.63%
mpy = 1000 GeV 93.67% 93.67% 80.55%
mpy = 5000 GeV 99.01% 99.01% 89.69%
mpy = 9000 GeV 99.48% 99.48% 87.53%

Table 12. Cutflow table for N, at 10 TeV. All processes after pre-selection are set to 100%.

from the background than 3 TeV. It is mainly because the primary signal contribution is
shifted to the VBF process (table 7) flattening the distribution.

We take the same pre-selection cuts, central hadronic W selection, and the mass win-
dow cut on my, as in the u-flavored case. For the optimization cuts, we impose the cuts
on the hadronic W boson, with ., > 100 GeV and E(W) < 4950 GeV.

As shown in the first column of figure 8, sizable background events tend to be concen-
trated at low P regime. A cut of P > 100 GeV is applied except for the high my case.
The following procedures are the same as the previous subsection. After a cut on E(W),
the pp (W) distribution as shown in figure 8 is exploited for significance calculation.

5.5 Projected sensitivities

After fully implementing the analysis, we evaluate and present the projected sensitivities at
muon colliders here. We show the 95% exclusion limits of |U,|? and |U,|? at muon collider
with /s = 3 TeV and 10 TeV in figure 9.> The p-flavored HNL can be well-probed due to -
channel signal enhancement. The value of |U,|? can be probed down to O(10~7) ~ O(10~%)
at 10 TeV and to O(107%) ~ O(107%) at 3 TeV. For the e-flavored case represented by the
blue line, the exclusion limit of |U|? is between O(1072)% to O(1072)%. The 7-flavored
HNL has similar signal-background considerations as the electron case. We rescale both the
signal and background by 40%, which accounts for a ~60% efficiency for the three-prong
7 decays, as a rough estimation of 7-flavor sensitivities in green curves.

Note that for the p-flavored case, the sensitivities worsen at the low-my region. First,
this reduction in sensitivity is partially from the lower efficiency in signal detection due
to the boosted forward decays discussed earlier (as shown in table 9 and 10). The other
reason is that the missing pp distribution tends to shift from high missing pp to low missing
pr as my increases, which gradually overlaps with the background (as shown in figure 5
and 5). On the other hand, as my increases, the pp(W) distribution starts to differ in the
background and signal, which improves the sensitivity in high-mass benchmarks.

3Note that for very high my value (e.g., my = 10TeV), with U7 > O(0.01), the coupling of HNL to
Higgs boson (parameter A\, in equation (2.6)) approaches the strong coupling regime in the framework of
inverse seesaw models. This implies that extra care needs to be provided in the regime my > 5TeV for the
e- and 7-flavored HNL, or one studies a model more different from the inverse seesaw model.
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Figure 8. The normalized signal and background distributions e-flavored HNL at 10 TeV. The left
column refers to the missing pr distribution after pre-selection and central W cut. The middle
column refers to E(W) distribution after missing pr cuts. The right column refers to py (W)
distribution after E(W) cut. Blue and red bins represent background and signal distributions,
respectively.

We also show the projected sensitivities together with LHC and proposed future col-
liders in figure 10 for the p-flavored HNL, which is a benchmark commonly used in future
collider studies [4-6]. At HL-LHC, we can probe |U,|* to around 1073. The future proton-
proton collider could improve |U, u’Q by one or two orders of magnitudes. The coverage in
HNL mass my at LHeC, FCC-he, and ILC are limited by the kinematics from the collision
energy. We can see high energy muon colliders uniquely probe large new parameter space
on the |U,|? — my plane.

Note that besides the direct production and search for HNLs, one can also gain knowl-
edge on the HNLs through other precision measurements. For instance, the HNLs mixing
with the SM neutrinos changes the Z boson invisible decay width, which dominates the ex-
isting constraints on the mixing angle at high HNL mass. For future electroweak factories,
such as the FCC-ee [120] and CEPC [121-123] program, one can also derive complementary
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constraints, which will be limited by the theoretical uncertainties and systematic uncer-
tainties associated with the precision observables. We anticipate the sensitivity to reach

around 10~ level from a back-in-the-envelope estimation, and certainly, a full study is in
high demand.

6 Conclusion

In this paper, we study the unique physics potential of muon colliders in probing heavy
neutral leptons. Two benchmark setup for muon colliders are used: /s = 3TeV with
integrated luminosity 1ab™! and /s = 10 TeV with integrated luminosity 10ab~!. For
simplicity, we parametrize the HNL in terms of its mass my plus the squared mixing angle
|Uy|? with the “active” SM neutrino. We focus on the regime mj; < my < /s where the
heavy neutrino promptly decays into massive gauge bosons and Higgs bosons. For the
interesting lower my values, we leave it to the future study due to a different consideration
for the leading signal production and background composition.

Muon collider is uniquely advantageous for the muon-flavored HNL N, due to the
dominance of t-channel processes that avoids the 1/s suppression. While for e- and 7-
flavored HNL, the leading 2-to-2 production processes are the s-channel diagrams. One
also needs to consider the vector boson fusion processes for high-energy muon colliders. To
carefully handle the VBF processes, we incorporate the structure functions of the muons,
including the EW processes, and compare them with the fixed order calculations in various
sub-processes. We adopt different treatments of the VBF processes on a process-by-process
basis with corresponding physics considerations. We select the Ny decay channel of Ny —
(=W followed by hadronic W boson decay. Avoiding the detailed jet analysis, we include
the background from both hadronic W and hadronic Z processes and adopt coarse binning
and cuts on the hadronic gauge bosons. Therefore our final states are ¢~ W™ plus other
particles beyond our detector cut for the signal part and £~ W™ (Z) plus “invisible” parts.

We adopt a cut-based analysis for HNL signal-background separation on the generated
events. After imposing the mass window for the invariant mass of the HNL decay product
system, we focus on the distribution of missing transverse momentum, the energy, and the
transverse momentum of the hadronically decaying W boson. We show the 95% exclusion
limit in the |Uy|? —m plane. For the muon-flavored case, future high energy muon colliders
can probe |U,|? down to like O(10~7)-O(10~?) due to the t-channel enhancement. For the
electron case, the constraint on |U.|? can be probed in a wide mass range for around 1073.
The results of the tau-flavored case are similar to the results of the electron case.

While the results in this work already show the promising physics potential for HNLs at
future high-energy muon colliders, we have yet to use all the decay channels for the HNLs.
For instance, one can study the leptonic decays of the HNLs, new production channels,
and also with angular distribution to identify more properties of the HNLs. One can also
study the long-lived signatures for HNLs below the tens of the GeV regime. These future
directions can further reveal the physics in the neutrino sector and complete our picture of
the muon collider potential.
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A Cutflow table

In this appendix, the detailed cutflow process for several of our benchmark signals and
backgrounds are shown in table 13, 14, 15, 16. The cross sections after pre-selections are
reported in section 4, and the optimization analysis follows the descriptions in section 5.

Background process Central W Mass window Optimization
150/1000/5000/9000 GeV
ptp= — Whe™ i, 96.82% 0.010/0.11/1.7/27.51% 0.010/0.080/0.43/0.61%
ptpT — ptumWre i, 41.63% 1.4/0.77/0.017/0.00081% | 0.021/0.28/0.011/0.00023%
ptp™ — py,Whe et 17.69% 0.39/0.45/0.013/0.00028% | 0.045/0.15/0.0067/0.00014%
ur T — Neve Central W Mass window Optimization
my = 150 GeV 99.62% 99.62% 99.16%
my = 1000 GeV 98.05% 98.05% 97.99%
my = 5000 GeV 98.94% 98.94% 98.53%
my = 9000 GeV 99.35% 99.35% 95.58%
whu™ — v Nele Central W Mass window Optimization
my = 150 GeV 83.34% 83.34% 64.97%
my = 1000 GeV 93.48% 93.48% 79.67%
my = 5000 GeV 99.02% 99.02% 88.15%
my = 9000 GeV 99.78% 99.78% 68.87%
™ — ut T N, Central W Mass window Optimization
my = 150 GeV 77.69% 77.69% 61.32%
my = 1000 GeV 93.06% 93.06% 80.30%
my = 5000 GeV 99.08% 99.08% 85.68%
my = 9000 GeV 100% 100% 59.81%

Table 13. Cutflow table for N, at 10 TeV. All processes after pre-selection is set to 100%.
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Mass window

Background process Central W Optimization
150/500/1500/2500 GeV
ptp — Whup, 90.37% 0.56/3.6/3.9/2.4% 0.56/1.1/1.7/1.2%
pru™ — Zptu 10.40% 0/0.79/0.22/0.090% 0/0.084/0/0%
ptp” — ptp Wi, 62.15% 2.7/2.6/0.31/0.021% 0/2.4/0.30/0.021%
pwrpm — vy, W, 86.21% 3.9/3.0/0.35/0.42% 1.2/1.3/0.070/0.35%
ptp™ — N,y Central W Mass window Optimization
my = 150 GeV 22.09% 22.09% 21.80%
mpy = 500 GeV 91.20% 91.20% 77.59%
my = 1500 GeV 99.87% 99.87% 89.79%
my = 2500 GeV 99.96% 99.96% 92.09%

Table 14. Cutflow table for N,, at 3 TeV. All processes after pre-selection is set to 100%.

Mass window

Background process Central W Optimization
150,/1000/5000,/9000 GeV
Pt — W, 89.14% 0.28/2.4/3.2/1.6% 0.28/0.42/1.1/0.80%
it — Zut 1.60% 0/0.085/0.039/0.016% 0/0.051/0/0%
ptpm — W, | 43.39% 1.6/0.75/0.011/0% 0/0.73/0.0083,/0%
whp~ — Nywy Central W Mass window Optimization
my = 150 GeV 55.04% 55.04% 55.04%
my = 1000 GeV 54.75% 54.75% 51.63%
mpy = 5000 GeV 99.93% 99.93% 97.46%
my = 9000 GeV 99.99% 99.99% 98.27%

Table 15. Cutflow table for NV, at 10 TeV. All processes after pre-selection is set to 100%.
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Background process Central W Mass window Optimization
150/500/1500/2500 GeV
e — Wre p, 92.97% 0.014/0.14/1.5/18% | 0.014/0.056/0.28/0.43%
urtpT — ptumWre i, 64.22% 2.9/2.4/0.23/0.0011% | 0.0088/0.013/0.0017/0%
prpm — gy, Whe et 33.46% 0.91/1.7/0.21/0.031% 0/0.0069,/0.0030/0%
prum — b, Whe i, | 84.05% 0.034/4.4/2.2/1.1% 0/0/0/0%
utpu~ — Nebe Central W Mass window Optimization
my = 150 GeV 98.80% 98.80% 97.08%
my = 500 GeV 97.68% 97.68% 93.16%
my = 1500 GeV 98.90% 98.90% 67.37%
my = 2500 GeV 98.97% 98.97% 42.43%
ptp™ — v, Neve Central W Mass window Optimization
my = 150 GeV 87.85% 87.85% 28.3%
mpy = 500 GeV 96.64% 96.64% 9.52%
my = 1500 GeV 98.98% 98.98% 12.3%
my = 2500 GeV 99.47% 99.47% 3.09%

Table 16. Cutflow table for N, at 3 TeV. All processes after pre-selection is set to 100%.

B Helicity amplitudes

We show the helicity amplitudes of the 2-to-2 signal production chanel p~pt — N,v, in
the center-of-mass frame. For simplicity, the muon and neutrino masses are set to zero.
The subscripts refer to the helicities of the particles (1=, u™, N, 1) respectively. We
choose the convention that the incoming p~ is along the positive z axis direction and the
outcoming N, is emitted along the direction with polar angle 6 and azimuthal angle ¢ = 0.

The angular dependent part is expressed in terms of the Wigner D functions d

l 4
m,m’"

For s-channel diagram, the non-zero helicity amplitudes M- ,+ n, ) are given by:

. 2 2
) _ —ig*Uycos(20w) s \/1_7mN 4 .
MLy = 2 cos? Oy s — M2 g 1 (B.1)
—ig?U, sin? Oy s m2
MY = 1- N gl B.2
A cos? Oy s— M2 s -1 (B.2)
92U, sin? Oy mpy/s m2
M LMy g .
e V2cos2 Oy s— M2 1,0 (B.3)
. 2 2
—ig°U, cos(20w) mn+/s m
MO = =37, 1-—H 4 B.4
e 2W2cos2 Oy s — M2 s (L0 (B.4)
where Oy is the Weinberg angle.
iy = B0 di = = di = _Si\/nﬁe,
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For t-channel diagram, the non-zero helicity amplitudes are written as:

2
202U, - sy/1 — "x . gl
Mm@ Y98 s 7L (B.5)

e (s —m%)(cos@ — 1) — 2ME,

m2
MO, = TV maVsY1 = S di (B.6)
B (s —m3)(cosf — 1) —2M3, )

In the massless N, case, the amplitude for the final helicity £+ states are vanished.
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