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ABSTRACT: High-energy muon collider can play as an emitter of electroweak gauge bosons
and thus leads to substantial vector boson scattering (VBS) processes. In this work, we
investigate the production of heavy neutral lepton (HNL) N and lepton number violation
(LNV) signature through VBS at high-energy muon colliders. VBS induces LNV processes
WtZ/y — (TN — (H*WT = (H+q¢ with an on-shell HNL N at ptp~ colliders. In
analogy to neutrinoless double-beta decay with the HNL in t-channel, the LNV signature
WTW™T — (¢t can also happen via VBS at same-sign muon collider. They provide
clean and robust LNV signatures to tell the nature of Majorana HNLs and thus have more
advantageous benefits than direct pu annihilation. We analyze the potential of searching
for Majorana HNL and obtain the exclusion limits on mixing V. Based on this same-sign
lepton signature, we also obtain the sensitivity of muon collider to the Weinberg operator.
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1 Introduction

Neutrino oscillation experiments provide clear and compelling evidence that neutrinos have
non-zero, but very small masses. The Standard Model (SM) includes only left-handed
neutrino fields in the lepton doublets, and therefore predicts neutrino masses of exactly
zero. Although one can certainly introduce right-handed (RH) neutrino field, the Yukawa
coupling has to be tuned to a very small constant 7, < 10713 to accommodate the observed

neutrino mass. A more economical way to generate neutrino mass in the SM content is
through the so-called “Weinberg operator” [1]

bl HH (1.1)

where /1, and H stand for the SM left-handed lepton doublet and the Higgs doublet, respec-
tively. The price we pay here is to introduce a high-dimensional (dimension-5) operator
and the violation of global lepton number symmetry. The minimal ultraviolet (UV) real-
ization of this dimension-5 operator is the Type I Seesaw mechanism [2-8]. In the minimal
Type I Seesaw, the “sterile neutrinos” have the nature of Majorana fermions as they trans-
form as singlet under the SM gauge group. The RH neutrinos possess a Majorana mass
term My and interact with SM leptons through a Yukawa coupling y,. The light neutrino
masses are given by m, ~ y2v?/Mg with v being the vacuum expectation value (vev) of
SM Higgs. The heavy Majorana neutrinos can also arise in the Type III Seesaw mechanism
with triplet fermionic multiplet [9]. The eigenstates of RH neutrinos are usually referred
as heavy neutral leptons (HNLs) which will be denoted as N below. After mass mixing,



one obtains an important mixing matrix V;y transiting heavy neutrinos to charged leptons
in the mixed mass-flavor basis [10].

If y, is close to the electron Yukawa coupling y. ~ 1076 in Type I Seesaw, the heavy
Majorana neutrino receives a mass at TeV level and can be searched through lepton number
violation (LNV) signature at high-energy colliders. This low-scale neutral lepton and the
mixing matrix Vyn have been searched at colliders. See ref. [11] and references therein
for a review of LNV searches. The mass of HNL has been excluded up to about 1TeV
depending on the value of |Vyx|? < 0.1 [12-15]. The future FCC-hh can push the exclusion
limit up to a few TeV [16-18]. One needs a machine with higher energy and integrated
luminosity to further explore the measurement of Vyn for the high mass region of HNL N.
High-energy muon colliders have recently received much attention in the community [19-
30]. The high-energy options of muon collider can have multi-TeV center-of-mass (c.m.)
energies and high integrated luminosity scaling with energy quadratically [20]
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It thus provides an excellent opportunity to produce and discover HNLs in Type I and TIT
Seesaw mechanisms.

Recently, there arose quite a few studies of searching for HNL at ™ colliders [31-33].
They proposed that an HNL N, can be produced together with a light “active” neutrino
vy from ™ collision with c.m. energy /s = 3 or 10 TeV. The HNL then decays into a
charged lepton ¢* and a W gauge boson with hadronic decay. The production mode then
becomes

/L+,u_ — Nyip — Eilquq,. (1.3)

Despite of large production cross section of o(utu~ — N,v,) ~ O(10) pb through a W
exchange in t-channel [33], this signal channel cannot tell whether the HNL is Majorana
fermion because of the missing neutrino in final states. One has to define a forward-
backward symmetry in N,’s decay pattern [33] or other kinematic quantity [32] to dis-
tinguish Majorana and Dirac neutrinos. An alternative approach to search for Majorana
neutrino is to consider the inverse Ov3S3-like channel p*up™ — WTWT [34, 35] which
however relies on a same-sign muon collider.

In this work, we propose a clear way to search for heavy Majorana neutrino through
LNV signature at u*pu~ colliders. At high-energy muon colliders, the initial muon beams
substantially emit electroweak (EW) gauge bosons under an approximately unbroken SM
gauge symmetry. The gauge bosons are associated with very energetic muons or muon-
neutrinos in the forward region with respect to the beam. The EW gauge bosons behave
like initial state partons and lead to vector boson scattering (VBS) processes [24, 36-39].
The VBS becomes an increasingly important mode as colliding energies go higher, due
to the logarithmic enhancement from gauge boson radiation. Thus, a LNV signal can be
produced through VBS

WEZ/y = (XN = (50EWT - (20%¢q . (1.4)



This signal is composed of same-sign charged leptons in final states and can thus clearly
tell the Majorana nature of heavy neutrinos. It is exactly the smoking-gun signature
searching for Majorana neutrino via Drell-Yan production pp — W* — ¢*N [10, 40] or
W~ VBS [41, 42] at LHC. It can serve as a robust channel to identify LNV and Majorana
neutrino suppose a discovery of HNL through the channel in eq. (1.3). We will utilize the
leading-order framework of electroweak parton distribution functions (EW PDFs) [37, 39]
to calculate the HNL production through VBS. The detector simulation of LNV signal and
SM backgrounds will be performed to analyze the search potentials on heavy Majorana
neutrino and obtain the exclusion limit on mixing V.

In analogy to neutrinoless double-beta (0v3/3) decay, the VBS process can also induce
LNV signature with the HNL in t-channel [10, 14, 40, 43-46]. This VBS process hap-
pens at same-sign muon collider (e.g., u*u™ collider) and leads to the signal of same-sign
charged leptons

WHW+ — et (1.5)
This process provides a clean LNV signal compared with the inverse process pu™up™ —
WTWT as there are no missing neutrinos and the suppression from two W bosons’ decay
branching fractions. We also analyze this LNV channel and explore the exclusion limit
on mixing V. It can help to probe all charged lepton flavors and corresponding mixing
elements rather than only V,,x through p*u™ — WTW™. In the absence of HNL, it was
shown that this LNV process can also help to probe the Weinberg operator [45]. We also
evaluate the sensitivity of muon collider to the scale of Weinberg operator.

This paper is organized as follows. In section 2, we first outline the HNLs in canonical
Type I and Type III Seesaw models. Then we simulate the production of HNL and LNV
signature via VBF processes at high-energy putpu~ colliders in section 3. The results of
projected sensitivity bounds for Vpy are also given. In section 4, we also analyze the LNV
signature with the HNL in t-channel through VBS at same-sign muon collider. Finally, in

section 5 we summarize our conclusions.

2 Heavy neutral leptons in Seesaw mechanisms

The HNLs can be realized in canonical Type I and Type III Seesaw mechanisms. The
neutrino Yukawa interactions in Type I Seesaw are

o 1
—£L =YPo ANy + 5 (N)LMRNg +hc., (2.1)

where H = iooH*, Ny denotes RH neutrino, and Mg is the RH neutrino mass matrix.
Once H receives the SM vev (H) = v/+/2, the Dirac mass term becomes mp = Y,Pv/v/2
and the diagonalization of the neutrino mass matrix is

0 mp mdiag 0
Nt N* = v . 2.2
(o )= (75 ) 2

with the transformation of mass eigenstates as

v 1% uv
<<N5>L> :N<<N5>L>mass’ e (XY) | 23)



The mass eigensvalues of physical neutrinos are mdi#8 = diag(my, ms, m3) and M]C\l,iag =
diag(Mji,---). With another matrix E diagonalizing the charged lepton mass matrix,
we have

E'U = Upuins , E'V =V, (2.4)

where Uppng is the approximate Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino
mass mixing matrix. In particular, the matrix Vjy transits heavy neutrinos to charged
leptons [10]. The active neutrino states are decomposed into a general number of massive

eigenstates
3

ve=Y_ (Upnns)em¥m + Y (Ven)em' Ny (2.5)
m=1 m/=1

where we assume that the HNL mass eigenstates are denoted as N,
From eq. (2.2), one can derive a relationship between diagonalized neutrino mass ma-
trices and mixing matrices

Ubansmy “SUbyins + Viv My ™ Vily = 0. (2.6)

In the mixed mass-flavor basis, the matrix Vpy determines the interactions between HNL
and SM EW gauge bosons such as

‘CTypeI o = \[ # Z (Z E UPMNS)Em'Y Py + Z f VgN gm/’y”PLN >+h.C.
m=1 m/=1

u 4 /'L . .
2cos€W MZ <Z Ue(UpMmNs ) em " PLVim + Z Ve(Ven ) em ¥ PLIN, )—l—hc

l=e \m=1 m/=1
(2.7)
The partial width of one HNL N decay into charged lepton becomes
(N = FWFH) =T(N - FW) =DI(N = £~ W)
Gr 2 2 2 Mg,
= Vin|" My (M5 + 2M 1——] , 2.8
sV PAN R 2048 (1 T (28)

and an asymptotic behavior holds when My > My, Mz, My,

F(N%ZKiW3F>zI‘(N—)ZyZ—I—yZ)%I‘(N—)Zuhijh), (2.9)
l v v

where £ = e, u, T
The Type III Seesaw introduces SU(2)y, triplet leptons X, with zero hypercharge in

addition to the SM fields [9]
Eﬂ/ﬂ 2+
="t L : 2.10
= (R .10

The Type III Seesaw Lagrangian is given by

. 1 .
Lrypern = Tr [SLibv | - <2ﬁ (Sf M%) + Yalp A5 + h.c.> . (211)



The Yukawa term in eq. (2.11) induces both the neutrino mass mixing and a mass mixing
between the charged SM leptons and the charged triplet leptons

= 0 Ydve/2v2 Y\ [ v — =7\ [ me O 4y
(VL 28)(1/2@0/2\/5 EMZ/Q > (E(ﬂ)Jr(fR Iy )(ngo Mg> <Z£>+h'c”
(2.12)

After diagonalizing mass matrices by introducing unitary matrices, one obtains mass eigen-
values for neutrinos and charged leptons. The mixing between the SM charged leptons and
triplet leptons follows the same relation in eq. (2.6). The interactions between HNL and
SM EW gauge bosons are also the same as those in Type [ Seesaw.

In this section, we outline the theoretical motivations of the mixing matrix Vyy between
heavy neutrinos and charged leptons, i.e., Type I and Type III Seesaw models. In fact,
the mixing parameter would scale like Ve%v ~ m, /My and should be very small. We must
state that we will assume the mixing angle V5 and the HNL mass My as independent
parameters in the following collider studies.

3 Heavy neutral lepton and lepton number violation through VBS at
putp~ collider

In this section, we investigate the search for Majorana HNL through VBS processes at
future high-energy muon colliders. We simulate the LNV signatures from the decay of on-
shell Majorana neutral lepton and obtain the sensitivity to the mixing parameters between
HNL and SM charged leptons.

3.1 The VBS production of HNL and LNV signal

We propose to produce an HNL accompanied by a SM charged lepton ﬁcN . Due to
charge conservation, this combination can only be produced through VBS processes at
muon colliders. After considering the decay of HNL N, a LNV signature with AL = 2
can emerge

Vi Vi = (i N — (F5q 7, (3.1)

where 01,0y = e, p, 7 and V;, V; denote SM EW gauge bosons. The decay channel of Ma-
jorana HNL is considered to be N — €§EW3F and the W boson has subsequent decay into
q ¢. The Feynman diagrams of above LNV production are shown in figure 1. The pan-
els (a) and (b) illustrate t-channel processes via exchanging a SM lepton and the panel (c)
represents an s-channel process mediated by a virtual W boson.

For the initial gauge boson partons V; and V;, the VBS production cross section can be
factorized as the product of the parton luminosity dL;;/dr and the partonic cross section

1 g
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Figure 1. The Feynman diagrams of processes V; V; — (i N — (1¢5q ¢ at the muon collider.

where F(X) denotes an exclusive final state (the underlying remnants), f;;)(§, @?) is the
EW PDF for vector V() with Q = V/3/2 being the factorization scale, 79 = m?%/s and
7 = §/s. By summing over all gauge boson initial states, one can obtain the total cross
section of the “inclusive” production processes. The scattering amplitude of the LNV
process in eq. (3.1) is proportional to |Vy, nVi,n| and the corresponding cross sections can

be expressed as

o (Vi Vi 5 EN = 0F05q7) = o (V; V; = (FN) x BR(N = £3q7) x (2 — e,0,)

Vo, nVion |2

=e,u,T

where oy represents the part of the cross section that is independent of the mixing param-
eters. We then define a new parameter which includes all the information of the mixing

parameters [10]

Ve, N Ve |
Sty = 3.4
S v oy
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Figure 2. The parameter-independent cross section og = ¢/Sp, ¢, for the VBS process V; V; —
(EN — (lFq ¢ with €, = £y, as a function of the HNL mass my (left) or c.m. energy /s (right)
at muon colliders. The benchmark c.m. energy of the muon collider are /s = 3,10, 20 and 30 TeV,
and the benchmark HNL masses are my = 0.5,1,3 and 5 TeV.

The parameter-independent cross section oo = 0/S¢,y, for £; = ¢y are shown in figure 2.
The cross section of ¢1 # o case is two times that shown here because of the exchange
01 <> Uy in eq. (3.3). If including the charge conjugation, another factor of two should be
multiplied. For the following simulation of LNV signatures, we choose three cases of lepton
flavor combinations in the final states with £1,02 = e, u

_ |VuN’4 _ |V6N|4 S - |V6NV#N’2
= = ey = .
ZE:e,M,T |V€N|2 7 Zfze,un— |VZN|2 ’ g Zf:e,p,fr VEN|2

Next we consider the production of one single HNL denoted as N.

Sup See (3.5)

3.2 The search for LNV signal at utu~ collider

We employ the Universal FeynRules Output (UFO) [47] files of the model “HeavyN” [17, 48]
and pass the model files to MadGraphb_aMC@NLO [49] to generate the above LNV signal
events at parton-level. The latest version of MadGraphb has included the leading order
framework of EW PDFs for the computation of the VBS processes at muon colliders [39].
We then use PYTHIA 8 [50, 51] for the parton shower of parton-level events. The detector
card of the muon collider in Delphes 3 [52] is utilized to include the detector effects.

Our LNV signal is composed of two same-sign charged leptons plus jet(s), as shown in
figure 1. We consider the following SM backgrounds

By :  VVoWEWEWT 5 =) ) 7
Bo: VVotEW:—bWHW WE—bbet % %) 4 x, (3.6)

where X denotes the decay products of the opposite-sign W boson in By background, i.e.,

X =/F (1/_3) or q¢'. For By background, the intermediate states are three W bosons which
are produced through VBS process. The two same-sign W bosons leptonically decay into
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Figure 3. The normalized distributions of the transverse momentum pr(u;) (top) and pr(us)
(bottom) are presented for the signal and the backgrounds for /s = 30 TeV. The benchmark masses
of HNL from left to right are my = 200, 1000, 5000 and 9000 GeV.

a pair of same-sign leptons, and the other W decays into dijet. Thus, the final states of
B, consist of two same-sign charged leptons, two jets and missing energy. In general, b (b)
quark can be mistakenly identified as a light jet in the detector of the collider. Thus we
also consider the By background in which a pair of ¢ ¢ quarks associated with a W boson
are produced by VBS process. The t () quark decays into the b (b) quark and the W=

boson. The same-sign W bosons again decay into the lepton pairs and the other W with

opposite charge may decay into all possible final states. The events with X = /T (I/_g) can be
efficiently reduced by imposing a soft pr cut on the opposite-sign lepton. Here we include
them for a conservative background estimate.

We take the case of {1 = 3 = p1 in eq. (3.1) to illustrate the kinematic observables of
our signal and backgrounds in figure 3 and figure 4. The benchmark masses of HNL are
considered to be my = 200, 1000, 5000 and 9000 GeV for /s = 30 TeV. From the decay of
such heavy Majorana neutrino, the W boson could be highly boosted and the produced
dijet can be regarded as a single fat-jet J [53-55] in the detector of muon collider. The
fat-jet is reconstructed via the “Valencia” algorithm with R = 1.2. We use p; to denote
the muon produced in association with the HNL, and p2 and J (or ¢q¢’) are the decay
products of HNL. We will explain how we distinguish them in our analysis below. The
signal and backgrounds exhibit quite different kinematic distributions. We employ a series
of selection cuts based on the distributions to suppress the SM backgrounds and enhance
the significance

o We first select the generated events by requiring the number of same-sign muons and
fat-jet, and identify the fat-jet as a W boson

N,>2, N;j>1; 65GeV < my <95GeV. (3.7)

If no fat-jet is found in the event, we also request two leading ordinary jets to satisfy
the invariant mass window 65 GeV < mj,;, < 95GeV. But we find that taking into
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Figure 4. The normalized distributions of pr(J) (top), missing energy E7 (middle), and the
invariant mass my of HNL (bottom) are presented for the signal and the backgrounds for /s =
30 TeV. The benchmark masses of HNL from left to right are my = 200, 1000, 5000 and 9000 GeV.

account these events would not change our results much. Thus, we only deal with
the events with at least one fat-jet in the following analysis.

We employ some basic cuts for the muons in final states

pr(p1) >50GeV,  pr(pe) >my/4;  |n(pa)l, n(pe)| < 2.5 ARy, >0.5.
(3.8)

The transverse momentum cut for p; is essential to avoid possible collinear divergence.
As po comes from the decay of N, it could be very energetic depending on my as
shown in figure 3. We thus tighten up the kinematic cut for the transverse momentum
of po. It is worth mentioning that for the two muons in the final states, we separately
combine them with J. The muon that generates an invariant mass closer to my is
considered as uo.

For the final fat-jet J coming from the decay of N, its pr distribution is shown in
the upper panels of figure 4. We employ the following kinematic cuts

pr(J) > mpy/4, In(J)| <2.5. (3.9)

The presence of neutrinos in the final states of the backgrounds leads to missing
energy, as shown in eq. (3.6). For our signal without neutrinos, due to the effect
of the energy resolution of detector, there still exists a distribution of small missing
energy as shown in the middle panels of figure 4. As my increases, this effect becomes



g, and bkes 0/Suuor | Ny, Ny, my 11, 2 fat-jet J FEr Mo
op, [fb] | ineq. (3.7) | ineq. (3.8) | ineq. (3.9) | in eq. (3.10) | in eq. (3.11)
my = 200 GeV 7.67 1.17 0.90 0.89 0.80 0.80
B 0.65 0.23 0.13 0.13 0.0081 8.6x1074
Ba 0.094 0.0054 0.0020 0.0020 2.0x1074 4.0x107°
my = 1000 GeV 9.05 4.54 4.11 3.79 2.80 2.79
B, 0.65 0.23 0.048 0.036 0.0017 5.4x10~%
Bs 0.094 0.0054 4.4x107* | 2.6x1074 2.0x107° 9.9%1076
my = 5000 GeV 4.56 2.70 2.41 2.19 — 2.17
B 0.65 0.23 0.0066 0.0035 — 0.0012
Ba 0.094 0.0054 1.2x107° 0.0 — 0.0
my = 9000 GeV 2.11 1.17 1.03 0.95 — 0.94
B, 0.65 0.23 0.0020 8.8x1074 — 3.2x107%
B, 0.094 0.0054 5.1x1076 0.0 — 0.0

Table 1. The representative signal cross section ¢/S,,, (in blue) and those for SM backgrounds (in
black) at muon collider after selection cuts. For illustration, four benchmarks my = 200, 1000, 5000
and 9000 GeV are considered at muon collider with /s = 30 TeV.

progressively more significant. Thus, we only employ the missing energy cut for

mpy < 1000 GeV

Fr < 30GeV my < 1000 GeV . (3.10)

when

o We reconstruct Majorana HNL with p and J according to the invariant mass m,,, s
shown in the lower panels of figure 4. Based on the signal distribution of the m,, s,
we employ an asymmetric mass window cut

0.8 X my < my,; <1.1xXmy. (3.11)

The background events can be efficiently suppressed after employing the above cuts. For
illustration, we take /s = 30 TeV for muon collider to present the signal and background
cross sections after these cuts, as shown in table 1.

After implementing the above analysis, we evaluate the sensitivity to the mixing con-
stant Sy, for Majorana HNL at muon colliders. For the significance, we use the follow-

ing formula

S=_ D8 (3.12)
- VNs+Ng’ '

where Ng and Ng = N, + IV, are the event numbers of signal and backgrounds, respec-
tively. They are given by
NS = 0y S€1f2 X €5 X ,C, (313)

N13120'131><6B1><,C, NB2:UBZXEB2><[,,

~10 -
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Figure 5. The 20 exclusion limits for |V,n|? (upper panel), |Vey|? (lower-left panel) and S, or
|VenVun| (lower-right panel) as a function of my at muon colliders with /s = 3 TeV (red), 10 TeV
(green) and 30 TeV (blue). The solid and dash-dotted lines correspond to V;V; — (03 + jet(s)
and WHwW+ — KT@' channels, respectively. The frame label of the lower-right panel is S, for
(E0F + jet(s) channel or [Von Vx| for £7¢5. The grey area shows the region excluded by a global
scan [56]. The recent results from two groups’ simulations of utu~ — Nv are also added for
comparison, including the dotted lines [32] and the dashed lines [33] for /s = 3TeV (red) and
10 TeV (green).

where €SBy (2 represent the efficiencies of the above cuts and £ denotes the integrated
luminosity. From eq. (1.2), we can get the corresponding integrated luminosity of the

muon collider for different c.m. energies

Vs = 3,10,30 [TeV] ,
£=1,10,90 [ab~"] . (3.14)

We obtain the 20 exclusion limits to Sy, ¢, with £1, /2 = e, ;1 versus my at muon colliders
with /s = 3 (red), 10 (green) and 30 (blue) TeV, as shown in solid lines in figure 5.

The quantity Sy, is equal to the commonly used ]WN]2 under the assumption of only
one non-vanishing flavor element for the matrix V. Under this assumption, we use |V, N|2
or |Von|? as the frame labels of the y-axis in the upper and lower-left panels of figure 5. One
can see that, for my well below /s, the value of |V,,x|? can be probed as low as 4 x 1073
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Figure 6. The representative Feynman diagram of process WTW™ — ¢ ¢5 at the utpu™ collider.
There is another u-channel diagram by exchanging the initial W bosons.

(3 x 107%) [5 x 1079] for /s = 3 (10) [30] TeV. This potential is worse than that through
wtp~ — Ny, channel [32, 33], because the latter happens via a t-channel exchange of a
W boson with huge production cross section. The projected sensitivity bound of |V x|?
is similar to that of |V,,n|?. The difference comes from the efficiency of identifying e or
p from the collider simulation. However, this |V.x|? exclusion limit is stronger than that
through pu*pu~ — N, channel for \/s = 10TeV. This is because the electron HNL can
only be produced from p*p~ annihilation via s-channel and its production cross section is
exceeded by VBS production at high energies. Moreover, this LNV process through VBS
can provide a clean signal of et and an exclusion limit on quantity Sey as shown in the
lower-right panel of figure 5.

4 Lepton number violation through VBS at utut collider

4.1 The probe of heavy neutral lepton

In this section we consider the LNV signature through VBS at same-sign muon collider
WHW+t — et (4.1)

This VBS process is mediated by either light neutrino mass eigenstates v, or the HNL
N, in t-channel and is analogous to neutrinoless double-8 decay. Their amplitudes are
proportional to m,,, and my_,, respectively. We thus only consider the process mediated
by one HNL N in t-channel as shown by the Feynman diagram in figure 6.

The cross section of this VBS process can be expressed as
o (WTWt = 0765) = |ViunViun|? x 00, (4.2)
where oq is the “bare” cross section independent of the mixing parameters. The values of

cross section og for ¢1 = {5 are shown in figure 7 which are one-half of those for ¢1 # /5
because of the average of identical final states. This LNV signal is purely composed of two

- 12 —
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Figure 7. The parameter-independent cross section oq = o /|Vy,nVi,n|? for the VBS process
WHW+ — 005 with ¢; = fo, as a function of the HNL mass my (left) and c.m. energy +/s (right)
at muon colliders. The benchmark c.m. energy of the muon collider are /s = 3,10, 20 and 30 TeV,
the benchmark HNL masses are my = 0.5,1,3 and 5 TeV.

same-sign charged leptons. We consider three primary SM backgrounds

Bi:  ptut ot
By:  ptpt = ptptvo,
Bs: ptut — W+W+17M vy — IANARRY Uy Uy s

where v (v) donates the summation of neutrinos (anti-neutrinos) with three flavors. The
backgrounds B; and Bs only appear for the situation with /1 = f5 = u, and we also
take this case as an example to illustrate the distributions of signal and backgrounds in
figure 8. Corresponding to other flavor combinations of charged leptons in our signal, only
background Bg applies. According to the different kinematic distributions of signal and
backgrounds, we adopt a series of selection cuts to suppress the backgrounds and enhance
the significance

e Firstly, we require the number of same-sign muons in the generated events, and
employ some basic cuts for the muons in final states

Nu > 27 pT(:U’lnLLZ) > 50 GGV, |TI(M1)|’ |77(/L2)| < 2'57 ARMLUQ >0.5.
(4.3)

o The leading transverse momentum p**(u) of the final muons is shown in the first

row of figure 8. We employ some relatively conservative kinematic cuts
pr(p) > 100 (200) [500] GeV , (4.4)

for \/s = 3 (10) [30] TeV. They help to reduce the background B in which the charged
leptons are from two W bosons’ leptonic decay.
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Figure 8. The normalized distributions of the transverse momentum p
(row 2), missing energy 7 (row 3) and the invariant mass my, (row 4) for the signal and the
backgrounds. The benchmark masses of HNL are my = 200, 1000, 5000 and 9000 GeV from left to

right for /s = 30 TeV.

e The cosine of the angle between two muons in final states cos 0y, exhibits very different
behaviors between signal and SM backgrounds, as shown in the second row of figure 8.

Thus, we employ the following cut

cos by < 0.2.

e For backgrounds By and Bj, the presence of neutrinos leads to missing energy, as
shown in the third row of figure 8. We can employ the cut for the missing energy to

reduce the backgrounds'
F7 <20 (50) [150] GeV,

for \/s = 3 (10) [30] TeV.

e The final muons in background B; carry all the collision energy. Its invariant mass
leads to a significantly different distribution from the signal and other backgrounds,

The cut on the pr of the sub-leading charged lepton could also help to reduce the backgrounds at the

LHC [15]. We find that it is worse than the missing energy cut here.
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) O‘/‘V#N|4 or | N, and basic cuts PP (1) cos Oy FEr mMep
sig. and bkgs
og; [pb] in eq. (4.3) in eq. (4.4) | in eq. (4.5) | in eq. (4.6) | in eq. (4.7)
my = 200 GeV 0.072 0.070 0.041 0.030 0.027 0.026
mpy = 1000 GeV 0.64 0.62 0.57 0.44 0.36 0.36
mpy = 5000 GeV 1.99 1.95 1.94 1.77 1.01 0.97
mpy = 9000 GeV 1.84 1.84 1.83 1.75 0.83 0.76
B; 0.055 0.051 0.051 0.051 0.011 0.0
By 0.0046 0.0042 0.0042 0.0024 4.5x107° 1.3x107°
Bs 0.011 0.0018 4.1x107% | 2.8x107* | 9.9x1076 | 9.9x107°

Table 2. The representative signal cross section o/|V,ny|* (in blue) and those for SM back-
grounds (in black) at muon collider after selection cuts. For illustration, four benchmarks
mpy = 200, 1000, 5000 and 9000 GeV are considered at muon collider with /s = 30 TeV.

as shown in the last row of figure 8. According to this feature, we can employ the
following invariant mass cut to extremely reduce the background By

mee < 2000 (5000) [15000] GeV (4.7)

for /s = 3 (10) [30] TeV.

We take the case of /s = 30 TeV for muon collider to illustrate the cross sections of the
signal and backgrounds after the above series of cuts, as shown in table 2.

We adopt the same significance formula in eq. (3.12) here with Ng = Ng, + Np, + Ng,.
The Ng and Np, (i = 1,2,3) are given by

Ns = 0y |Vg1NV52N|2 X €g X ﬁ, ]\7]3i = 0B,; X €B; X L. (4.8)

The corresponding integrated luminosity of the muon collider for different c.m. energies are
shown in eq. (3.14). We obtain the sensitivity of muon colliders to the mixing parameter
\Ve,nVeon| for Majorana HNL. The 20 exclusion limits to |V,n|?, |Ven|? and |[VenVun|
versus the mass of Majorana HNL are shown in dash-dotted lines in figure 5. In contrast
to the fli@t + jet(s) signature losing sensitivity near the energy threshold, this t-channel
LNV signal can probe much heavier HNL.

4.2 The probe of Weinberg operator

Finally, we comment on the probe of dimension-5 Weinberg operator in the absence of
HNL. The above signature of same-sign charged leptons can also be used to probe the
Weinberg operator [15, 45]

(4.9)

where /] = (vy,£). After EW symmetry breaking and the SM Higgs gains its vev v, this
Weinberg operator generates a Majorana neutrino mass in the flavor basis

’
Cg@ U2
A )

Mmygyr = (4.10)
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which appears as the mass of the intermediate fermion in the same-sign W scattering. It
was shown in ref. [45] that the parton-level cross section of this same-sign W scattering
process in this model is

2 — 5&/ 2

187

174
G

o(WHW+ — ) ~ A

(4.11)

The cross section is proportional to an overall scaling factor of [C£¢ /A,

Next we follow the approach in ref. [45] to simulate the probe of Weinberg operator
for £ = ¢/ = p at high-energy muon colliders. It was verified that a reasonable simula-
tion using the UFO for Weinberg operator (called “SMWeinberg”) has to be performed
with A/|CE| > 200 TeV [45]. We adopt the same selection strategies mentioned in last
subsection and obtain the number of signal events denoted by NSQOO for a benchmark with
A =200TeV and CE* = 1. According to eq. (4.11), the number of signal events is given by

(4.12)

200 TeV \ 2
NS — NS?OO|C€M’2 <> )

A

By requiring 20 significance, we can obtain the sensitivity to the scale A/|CL"|. We find
that the sensitivity bound of muon collider to the scale is

AJ|CI¥| < 9.3 (23.0) [47.7) TeV (4.13)
for /s =3 (10) [30] TeV. This is equivalent to the limit of effective pu Majorana mass as

My > 6.5 (2.6) [1.3] GeV . (4.14)

5 Conclusion

In this work, we propose the search for Majorana HNLs and LNV signatures through
VBS processes at high-energy muon colliders. At high energies, the muon beams radiate
substantial EW gauge bosons and can play as “gauge boson colliders”. The VBS processes
lead to clear LNV signatures so as to tell the nature of Majorana HNLs and thus provide
more advantageous benefits than direct pu annihilation. We use the method of EW PDFs
to calculate the VBS production of HNL at both p*p~ and putu™ colliders, and analyze
the produced LNV signatures. At p*u~ collider, the scattering of gauge bosons W*+Z/~
induces the associated production of HNL N and charged lepton ¢*. At same-sign muon
collider, the WTW ™ scattering can result in a OvSB-like LNV process WTW T — ¢+t
with the HNL in t-channel.

We perform the detector simulation of LNV signal and SM backgrounds. The search
potentials on heavy Majorana neutrino are analyzed and the exclusion limits on the mixing
of HNL N and charged lepton V;n are obtained. We find the following conclusions:

« The VBS processes can provide smoking-gun LNV signatures (/3 + jet(s) and ] £3
at utpu~ collider and same-sign muon collider, respectively.
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e The probing potential of ]VMNP through W*Z/y — p®u* +jet(s) signature is worse
than that from annihilation channel ™y~ — N,,. However, the exclusion limit on
|Von|? from VBS channel is stronger than that through the y*p~ annihilation for
Vs =10TeV or above.

« At same-sign muon collider, compared with the /*¢* 4 jet(s) signature, the Ov33-like
LNV signal can help to probe much heavier HNL. The mixings other than |V,y| can
be probed through VBS as well, which is contrary to the process utu™ — WHW+.
Based on this signature, we also estimate the sensitivity of muon collider to the scale
of Weinberg operator.

e The above LNV signatures can both be employed to look for the combinations of
different charged lepton flavors and probe the mixing |V, v Vi, n| with €1 # la.
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