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Left-right symmetric models (LRSM) were proposed to reconcile the apparent parity violation in weak
interactions with our intrinsic notion of fundamental parity symmetry. It was quickly realized that LRSM
offers a viable framework for explaining neutrino masses by incorporating right-handed neutrinos, N, into
its spectrum. In this study, we investigate for the first time the potential of future lepton colliders (including
the FCC-ee, CEPC, ILC, CLIC, and a muon collider) to detect signals stemming from N’s, focusing
primarily on displaced vertex signals, and on prompt signals to a lesser degree. Our results demonstrate that
these signals can effectively probe the characteristic scales of LRSM, providing evidence that would be

unobtainable through any other experimental means.
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I. INTRODUCTION

Since the discovery of parity violation in weak inter-
action [1,2], scientists have been trying to reconcile this
result with the intuitive expectation of a left-right sym-
metric world. Left-right symmetric models (LRSM)
explored the idea that parity is restored at higher energy
scales [3—8]. Such models, if a proper scalar sector is
chosen, can also give rise to a seesaw mechanism which
naturally gives neutrinos small masses [9,10], in accor-
dance with existing observations (see [11] for a recent
review). The particle content of the LRSM version we will
consider contains the heavy cousins of intermediate vector
bosons (W and Z’), right-handed neutrinos (N, heavy
neutral leptons or HNLs), and an extended scalar sector,
responsible for the left-right and electroweak symmetry
breaking. Owing to this, LRSM possess rich phenomenol-
ogy, and their observational signatures remain a valid goal
for particle physics experiments.

The main LRSM search channel at the Large Hadron
Collider (LHC) is the Keung-Senjanovi¢ process (KS
process) [12]—the production of a heavy charged gauge
boson which can result in a same-sign lepton pair plus
jets, the collider equivalent of a neutrinoless double-beta
decay. Both CMS [13-18] and ATLAS [19-22] have
done extensive searches for this signal without avail.
The proposed high-intensity beam-dump experiments such
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as SHIP [23-25], MATHUSLA [26,27], and FASER [28]
may also provide complementary searches of LRSM.

Besides fixed target experiments, the particle physics
community actively discusses the possibility of a lepton
collider. This includes both circular colliders, such as
the Future Circular Collider (FCC-ee) [29] and Circular
Electron Positron Collider (CEPC) [30], and linear col-
liders like the International Linear Collider (ILC) [31] and
Compact Linear International Collider (CLIC) [32].
Additionally, the idea of a muon collider has recently
gained significant traction [33-35]. All these experiments
will open new possibilities for searches of the LRSM
signatures [36—43], including potential sensitivity for the
extended scalar sector of the LRSM [26,44-48]. However,
there have been very few studies on the potential that future
colliders offer on searches of HNLs in the LRSM.

In this work, we will provide a first study of the potential
that proposals for lepton colliders for probing parameters
in the LRSM. In particular, we will focus on the potential
that displaced vertices from the production of two HNLs.
This collider signature appears if particles travel macro-
scopic distances (usually above a few mm) prior to decay.
Such searches have the benefit of having little to no SM
background, and, as we will show, have the benefit of
probing scales of LRSM that are unreachable by current
experiments. The literature already offers us constraints
from displaced HNLs at the LHC in the LRSM [49,50], but
it does not on the potential of future lepton colliders for
detecting long-lived HNLs (for the potential including
HNLs at lepton collider proposals; see [51-56] and
references therein).

In the case of the LRSM, searches for displaced HNLs
will be more sensitive GeV-scale HNLs and to higher scale
LRSM as opposed to what prompt signals can probe
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(the reason why will be detailed later). The region of the
parameter space displaced vertices can search for is of
particular interest when considering keV-scale HNLs as dark
matter [57]. They require GeV-scale HNLs and very heavy
gauge bosons to attain the observed dark matter density
(which may be subject to strong constraints from large-scale
structures [58]) and which may ameliorate issues with the
perturbativity of the theory [59,60]. It can also probe regions
of the parameter space where leptogenesis can be generated
by LRSM [61] (or for a recent review on leptogenesis
scenarios with HNLs, see [62]).

In Sec. II, we will review the necessary theoretical
background of the LRSM. In Sec. III, we discuss the
existing constraints and the sensitivity that future experi-
ments will have on LRSM parameters. Section IV reviews
the current proposals for lepton colliders and their
proposed parameters. Section V describes the production
and decay channels for HNLs in lepton colliders and
quickly discusses their signals, and in Sec. VI, we present
the expected sensitivity and discuss their implications.
Finally, we conclude and summarize our results in
Sec. VII. The Appendixes provide additional calculations
considering the effects that the W — Wy mixing and that
leptonic mixing may have on our results, and briefly touch
on the sensitivity of prompt searches in the most opti-
mistic of cases.

II. THE MINIMAL LEFT-RIGHT
SYMMETRIC MODEL

Left-right symmetric models (LRSM) are based on the
following gauge group:

SU(2)g x SU(2), x U(1)p_y, (1)

which is coupled with a discrete generalized charge
conjugation C or a parity conjugation P (see [63] for a
precise difference between both cases). Both restrict the
number of free parameters, like the gauge couplings of the
left- and right-handed SU(2) that sets g; = gy at tree level,
making the model more predictive and renders the particle
content left-right symmetric.

The fermion sector consists of both left- and right-
handed doublets,

— (" Le=(" 2
Qur= <d>L,R, bR <K>L,R. @)

Moreover, the additional SU(2), gauge group will give us
more gauge bosons—a charged gauge boson and a neutral
gauge boson. The charged gauge bosons with a defined
mass will be denoted as W% (as opposed to the SM W
boson), and the neutral one will be as Z’ (as opposed to
the 7).

We work in the case where we have two triplets A; z and
a bidoublet @,

s
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These scalars will have the following vacuum expectation
values (vev’s):

<5(2,R> = LR .

V2 V2

where vy will be the scale at which the LRSM gauge group
is broken into the SM gauge group, and v is the usual SM
vev. f# and a are arbitrary parameters related to the mixing
of the vevs of the bidoublets. The theory has no way of
predicting the value of these parameters, but in the case
of P, we can derive indirect constraints from the
Hermiticity of quark mass matrices [63—65], and from
the QCD parameter 6 [66,67]. The value of v; is expected
to be much smaller than both v and vy because it directly
contributes to neutrino masses.

The breaking of the SU(2), group will give masses to
the right-handed gauge bosons of the LRSM, and the
subsequent breaking of the SM group will give masses to
the rest of the gauge bosons. The entire mass spectrum of
the gauge bosons is

(®) =——diag(cos f,—sin fe~*), (4)

1 1
2~ 22 2 202
MW_4gv, MWR_Zg V%,
2
Lo — gh? M2 ~ ¢ vy S m2=0, (5)
VA 40‘%) El V4 Rczwv Y s

where c¢,, = cos 6,, is the cosine of the Weinberg angle.
Just as the SM predicted that the mass of the Z boson is
heavier than the mass of the W, the LRSM predicts
My, ~1.69My,.

Furthermore, the model will also give rise to active
neutrino mass terms which will mix with right-handed
neutrinos, Ny (which we will call heavy neutral leptons
or HNLs) in a sort of seesaw mechanism [10]. The mass
terms are

1 _ M M ¢
o=t (a0 5) (M) () e, o
2 ML Mg/ \Ng

here M, is proportional to v;, Mp to v and My to wvpg,
all up to a Yukawa coupling. A unitary transformation will
diagonalize the mass matrix. This unitarity matrix will
depend on the mixing angle matrix ®. The mass spectrum
of this matrix will give us Majorana mass terms for both
active neutrinos and HNLs; the former will be naturally
small as a feature of the difference of scales.

The mixing angle ® will induce new interactions
between HNLs and the usual SM particles (as well as
interactions between active neutrinos and the right-handed
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sector), but in this model, ® will be very small (O «

\/m,/my, where my is the mass of the HNLs) [68,69] and
therefore, not considered in any of our analyses.

The model has no way of predicting the mass spectrum
or the masses of HNLs. For simplicity, we will work in the
limit where two HNLs are decoupled, and only one HNL
will be accessible at collider energies.

A. Interaction terms from the Lagrangian

We will now present the interaction terms from the
Lagrangian that will be relevant for the production of HNLs
at lepton colliders,1

Lyey = \% Ul W gPrN; — \% UnilwlaW PgN;, (7)
gcy, - gcy -
‘CZN:2—NRZ/NR_2—§ZNRZNR’ (8)
Coyy Coyy
where &y, and {, are
M? .
Ew = —-sin(2f)e™, )
M3,
3/2 a2
cy " M
fp= -2 2V (10)
2ck M%VR

and where U, are the matrix elements of the unitary
mixing matrix of HNLs, analogous to the PMNS matrix.
For our analysis, we will consider two different shapes
of U,

100 01 0
ve=(o 1 0|, w=|10 0] (1)
00 1 00 1

As mentioned before, we will consider only one HNL to be
reachable within collider energies, whereas the other two
are too massive to be produced. Here, we will consider N,
to be that accessible HNL, which means that in the case of
U¢, then our HNL will only interact with electrons; in the
second case, U* it will only interact with muons.

Our final results will depend on the shape of U.
In Appendix C, we show how much our results would
change for an arbitrary shape of U and then consider some
specific cases.

In this model, HNLs will primarily decay semileptoni-
cally. For the sake of completeness, we will also include the
relevant interaction term that will mediate such decays,

'For a complete overview of all the interactions in the
Lagrangian, the reader can check [70].

g - ~
Ly,up = EVUDURWRDR +H.c., (12)

where V is the usual CKM matrix, and U, D represent any
up and down quark type, respectively. In general, the right-
handed and the left-handed CKM matrices are not neces-
sarily equal; there will be a discrepancy in CP phases
between both (see [63]), which should not affect our results.

III. CONSTRAINT SUMMARY

In this section, we will present a summary of exper-
imental and theoretical constraints on LRSM parameters.
We summarize some of these in Fig. 1. We will later
compare our final results with the current and prospective
bounds found in the literature.

(a) Constraints from hadron colliders. The signals in
which the LRSM can manifest itself in hadron colliders
have been well studied in the past [12,49,63,71,72]. The
main channel searched for is the Keung-Senjanovi¢
process (KS process) (pp = Wr — [N]|¢ — [jj£]7).
This process can result in the production of two final
same-sign leptons due to the Majorana nature of HNLs,
which subsequently makes this channel have no irre-
ducible SM background. This channel depends on the
mass of the HNL and Wg. Both ATLAS [19-22] and
CMS [13-18] have performed numerous searches for
this channel. We can find an analysis of the sensitivity
of the high luminosity LHC (HL-LHC) in [49].

Both ATLAS and CMS have also performed searches
for heavier W bosons by searching for pairs of highly
energetic jets [73,74] and for a lone very high energy
charged lepton and missing transverse energy [75,76].
The former can be interpreted as a W decaying to a pair
of quarks and would give us constraints solely of the
mass of Wp, and the latter to it decaying into a charged
lepton and a very long-lived HNL [49].

Neither ATLAS nor CMS has searched for a KS
process with a long-lived HNL; they have only searched
for prompt HNLs. The sensitivity for these channels was
presented in the past [49,77,78] and is particularly
sensitive to lighter HNLs and heavier Wy when com-
pared to the prompt-HNL searches.

We should emphasize that CMS, ATLAS, and LHCb
have all performed searches for long-lived HNLs, but not
in the LRSM, but in the minimal type-I seesaw [79-81].
A reinterpretation of these analyses may not be entirely
feasible because they were done for leptonic decays of
HNLs and, as we will see later on, HNLs in this model
decay primarily semileptonically.

(b) Constraints from indirect physics. The new particles
from the LRSM affect a plurality of different
low-energy physics phenomena, including meson
mixing [82,83], the neutron electron dipole (nEDM)
in the case of P [66,67,82,84-89], Ovpf decay, as well
as electroweak precision observables [90,91].
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FIG. 1.
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Constraint summary on a my and My, parameter space plot. The left (right) plot shows the constraints from current (future)

experiments. We show the current constraints from ATLAS [22], CMS [18], dijets signals [73,74] which can interpreted a W decaying
to a jet pair, and signals of high-energy leptons with missing energy [75,76] which can be interpreted as a KS-process with an HNL so
light it decays outside of the detector [49]. We also show the prospective bounds from the HL-LHC [49], a KS process with a displaced
vertex [77], meson oscillations [83], SHIP [23-25], and MATHUSLA [26,27].

(©)

(d)

Meson mixing provides a lower bound of
My, 2 3 TeV, and the next runs of Belle II and
LHCb will provide bounds up to My, 2 7 TeV [83].
These future bounds will be stronger than the con-
straints the LHC can give on a dijet signal.

Constraints from nEDM provide limits as small
as My, 2 17 TeV which could be ameliorated
by including a Peccei-Quinn mechanism, down to
My, 25.5TeV [67].

Constraints from high-intensity experiments. Future
high-intensity experiments like SHIP [23], and MA-
THUSLA [27] will provide complementary constraints
to the ones from hadron colliders. High-intensity
experiments aim to search for displaced vertices from
long-lived particles and will be particularly sensitive to
HNLs with lower masses and Wy with higher masses
than the ones from hadron colliders. Both SHIP [23-25]
and MATHUSLA [26,27], which have sensitivities up
to My, ~ 18 TeV and my ~5 GeV.

Theoretical constraints. A study on vacuum stability
dictated that HNLs cannot be heavier than the mass of
Wi [92], another study that considered the perturbativity
of the theory found less restrictive constraints allowing
HNLSs to be heavier than W [59]. As we will see later,
our results fall in a region of parameter space allowed by
both studies. For studies regarding the perturbativity and
stability of the scalar sector, we direct the interested
reader to the pertinent literature [59,60,93-95].

We summarize most of the experimental constraints
in Fig. 1.

IV. PROPOSALS FOR NEW PARTICLE
COLLIDERS

The HL-LHC is scheduled to cease operations by
December 2041. The particle physics community has
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actively discussed the possibility of building a new collider
as the next step in collider physics. The current consensus
favors a new lepton collider. Lepton colliders have the
advantage of having lower uncertainties compared to
hadron colliders: they allow us to do better precision
measurements. However, it is harder for them to explore
higher energies. Currently, there are two types of proposals:
circular and linear colliders:

(i)

(iif)

@iv)

(i) FCC: the Future Circular Collider [29,96] is a
proposed 90 km circular collider. It is currently
the most popular option for physicists in Europe. It
is meant to be built at CERN, between Switzerland
and France. The first stage, FCC-ee, where electron-
positron pairs will collide, will produce an impres-
sive 10'> Z bosons, 103 W’s, 10° Higgs bosons,
and 10° top quarks. After this first stage, it will be
upgraded to hadron collisions and later to electron-
hadron collisions. The high intensity of the FCC-ee
makes it such an attractive machine for new physics
searches, both direct and indirect.

CEPC: the Circular Electron-Positron Collider
[30,97] is a 100 km electron-positron collider in
China meant to begin operations during the 2030s. It
will run at the same energies as the FCC-ee, albeit
with smaller luminosities. A subsequent upgrade to a
proton-proton collider is also expected.

ILC: the International Linear Collider [31] is a
proposed electron-positron linear collider, which will
stretch approximately 20 km in length. If built, the
most likely host would be either in Japan or CERN.
Its proposed energies are higher than that of the FCC-
ee and CEPC, potentially up to /s ~ 500 GeV.
CLIC: the Compact Linear Collider [32,98] is a
proposed electron-positron linear with a length
stretching between 11-50 km. It is another alter-
native for CERN in case the FCC is not built.
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TABLE 1. Proposed luminosities and energies at which the
FCC [96], CEPC [99], ILC [100,101], and CLIC [102] may run
at. A single proposal for a muon collider is not yet properly given,
the points use will be used as benchmarks for our plots and were
taken from [34].

Experiment Energy (GeV) Luminosity (ab™")
FCC-ee 90, 161, 240, and 350 150, 10, 5, and 1.7
CEPC 90, 161, 240, and 360 100, 6, 20, and 1
ILC 250, 350, and 500 2,0.2, and 4
CLIC 380, 1500, and 3000 1, 2.5, and 5

Muon collider 3000 and 10000 0.4 and 4 (per year)

Its proposed energy range surpasses that of the ILC.
It hopes to reach up to 3 TeV.

(v) Muon collider: the proposal for a muon-collider has
received plenty of attention recently [33—35]. Muon
colliders possess the potential to explore higher
center-of-mass energies compared to electron col-
liders, primarily due to muons experiencing fewer
energy losses from synchrotron radiation. Further-
more, as muons are elementary particles, the entire
beam energy can be utilized for collisions, which
sets them apart from proton colliders. Suggestions
for a muon-muon collider claim it may reach up to
/s =~ 10 TeV. Most of the attention is receiving is
from physicists in the U.S., and it seems like a likely
place for it to be built, but it may remain a possibility
for CERN in case the FCC is not built. Despite how
attractive a muon collider may seem, several studies
and technological advances are needed before it can
even come close to becoming a reality.

The proposed center of mass energies and luminosities

are all summarized in Table 1.

V. HNL PHENOMENOLOGY IN LEPTON
COLLIDERS

As we stated before in the Introduction, ideas for
searching for LRSM at lepton collider can already be
found in the literature (for a summary, see [42]), including
the pair production of charged gauge bosons (either Wp,
Wg, or W, Wp) [40,43,103], the production and effects
of double-charged scalars [36-38,41,45-47], neutral sca-
lars [44,47], as well as the idea we are proposing here: the
production of two HNLs [39,104-111].

A. Production

There are four different production channels for a pair
of HNLs, Wj mediated r and u channels, and s mediated
Z and Z' channels shown in Fig. 2. The interactions
between the heavy gauge bosons and HNLs are shown
in Egs. (7) and (8). We can see that the Z mediated
channel is only possible due to the {; mixing. Both s
channels will be dominant at their respective peaks, but

(b) (c)

FIG.2. Dominant production channels of an HNL pair in the (a)
s channel, (b) ¢ channel, and (c) u channel.

the Wy mediated channels will be dominant for any
other center-of-mass energy. We computed the tree
level cross section in Mathematica with the help of
FeynCalc [112] and FeynArts [113] with the imple-
mentation of LRSM from [70].

At tree level, the cross section behaves as

o(¢5¢45 = NN)
F—% for \/s~My,
z
r%, for \/s~M,
x¢ CL (13)
Uil MTWR for \/s#Mz Mz /s <My,,
4
% for\/s>My,.

The tree-level analytic expression of the cross section,
as a function of /s, is plotted in Fig. 3 for different values
of M Wi+

Cross sectionof #7¢t - NN

102 f —— My, =10TeV, my =10 GeV 4
F—— My, =50TeV. my =10 GeV 1
1f 1
F 1
— 1072} i
é F 1
S 1074 1
F 1
1076 1
F 1
1078 1
F ) ) ) ) ) 1
10 10° 10* 10° 106
/s [GeV]
FIG. 3. The total cross section for the production of a pair of

HNLs in lepton colliders, for my = 10 GeV and for values of
My, shown in the plot. The two peaks correspond to the Z and Z'’
peaks, the mass of Z' is Mz ~ 1.69M,_ as in Eq. (5).
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The first two lines are due to the dominance of the s
channels are their respective poles of Eq. (13). The third
and fourth lines are due to the ¢ and u channel production.
These contributions are all suppressed to a power of My, ,
in the case of the Z pole due to the {; mixing [shown in
Eq. (10)], and in the case of the Z’ pole because the decay
width of Z' depends on M (its value can be found in the
Appendix A).

The third line in Eq. (13) indicates that the cross section
increases quadratically with /s when /s is much smaller
than the mass of Wpy. This growth in cross section will
dramatically increase the sensitivity for higher and higher
energies. Indeed, the sensitivity of a /s = 10 TeV collider
will be 100 times more powerful than the cross section of
/s =1 TeV collider with the same luminosity.

Of course, the cross section cannot grow arbitrarily with
/s as one would expect Yang-Mills theories with sponta-
neous symmetry breaking [114—-116]. In the limit where
V/$ > My, in Eq. (13), the cross section plateaus. Figure 3
illustrates the overall behavior of the cross section.

We remind the reader that we will be working in the case
where only one of the HNLs, Ny, is accessible at collider
energies, and the other two are too massive. We will also
only be considering the parametrizations of U in Eq. (11),
where either |U,;[* =1, or |U,[* = 1, the former max-
imizes the production cross section at linear colliders,
whereas the latter at a muon collider.

If we choose a different parametrization for the U matrix,
then the production cross section will be affected, in
particular for colliders that operate at energies where the
main production channel will be through the intermediate
Wp in the ¢ or u channel, where it will be the case for linear
and muon colliders.

As it was noted beforehand in the literature [111], the
cross section can also enjoy an enhancement if we polarize
the beams adequately. Both of the linear colliders, ILC and
CLIC, will have their electron-positron beams polarized
[31,32,101,117]. If electrons are mostly right-handed and
positrons left-handed then there will be an enhancement in
cross section, but if it were the opposite we would have a
diminution. This is because W mostly interacts with right-
handed electrons and left-handed positrons.2

There are also other possibilities for the production of
HNLs beyond what we have already presented. One is the
production of only HNL instead of two (£=¢% — Nv),
either through the v — N mixing or through the W — W
one. As we have mentioned before, the former will be
suppressed, but the later will depend on &y in Eq. (9),
which depends on the arbitrary parameter . However, the
cross section of this channel is not competitive; this is
elaborated upon in Appendix B 1.

*Interaction between Wy and left-handed electrons and right-
handed positrons are possible, but are suppressed due to the &y,
mixing in Eq. (9) or due to the very small ® parameter.

Another possibility would be to produce them through
an intermediate scalar neutral scalar, either through direct
production of the scalar or through mixing with the Higgs
boson, as it was explored in [118]. Searches for HNLs from
these production channels may lead to interesting results
but will not be discussed any further in this paper.

B. Decay

HNLs will primarily decay through Wy in this model.
For the sake of simplicity, we will consider the channel
N — Wy = £UD, where U, D can be any up and down-
type quark or antiquark, respectively. We can directly see
these decays being possible from Eqs. (7) and (12). In the
limit where quark and charged lepton masses are negligible
compared to HNL masses and negligible transferred
momentum, we have

Gpmy, My, 2
l—‘tot 30 A~ 3 M4 Z |VUD| Z |Ual|

Wk u,cid,s a=eu,t
2 .5 4
NGFmN My,
- 3 4
167> My,

(14)

The limit considered will be good enough for the region of
parameter space in which we are working. Moreover, it
justifies the usage of the NWA (narrow-width approxima-
tion), since

r 4
SLUNEIVETI <ﬂ> <1. (15)
my MWR

For our specific choices in the parametrizations of U,
then N will only decay to a specific lepton, either an
electron (or positron) for the case of U¢ and a muon
(or antimuon) for the case of U¥. Different parametrization
can allow for decays into possibly all charged leptons.

The lighter my is and the heavier My, is, the lifetime of
N increases, which would lead to them being long-lived, as
shown in Fig. 4.

In the case we have a non-negligible W — W mixing,
then the total decay width in Eq. (14) changes due to having
the possibility of N decaying through an intermediate W
boson. This would change the decay length and lifetime
of N, particularly for an N heavier than a W boson. This is
elaborated upon in Appendix B 2.

C. Signals

The production channels we have explored, together
with the decay channels, will generate a two lepton and four
jets signal (£Zjjjj). 50% of the lepton pair generated are
same-sign leptons (SS); this signal is a lepton-number
violating signal (LNV) that occurs due to the Majorana
nature of HNLs. A diagram for such a process is shown
in Fig. 5.
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Decay length of SM particles compared
with of the one of N
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FIG. 4. Decay length of N in its own frame of reference for
different values of My, , compared with the decay length of other
SM particles in their own frame of reference.

FIG. 5.

LNV process £ ¢+ — 2£74.

This process has no irreducible SM background, but there
are some SM processes that could be a source of back-
ground. A preliminary study in the context of a U(1)z_, SM
extension highlighted the decay of heavy hadrons as a
potential source of background for this process [119]. A full
background analysis is beyond the scope of this paper;
however, we made an estimate of the possible sensitivity that
an LNV signal would have in Appendix D, assuming the
optimistic scenario of no background.

As we mentioned previously, given a light N and a
sufficiently heavy Wpg, we could have our HNLs being
long-lived and thus generating a displaced vertex (DV).
DVs have the advantage of having essentially no SM
background (see Fig. 4 for a comparison between the decay
length of N and the decay length of other SM particles,
each on their own frame).

Given how we are producing two N’s, we would be
expecting to produce two displaced vertices. Searches could
be done for one DV or for two DVs. Both of these searches
have their own set of advantages and disadvantages.

Searches for one DV will be more sensible to a bigger
region of the parameter space, but there might be some
ambiguity due to the fact that other models with HNLs also
predict single-displaced HNLs, like the minimal type-I

seesaw. There could be two ways of removing the ambi-
guity, we can reconstruct the mass of N, and if my > /s/2,
we could be mostly certain that it came from the production
of a single HNL, as we would be expecting that the
production of an off shell and an on shell HNL to be
suppressed. We can also measure the branching ratios of N,
as different models give different predictions for them,
LRSM predicts N to decay mostly semileptonically (unless
the W — Wy mixing is nonzero, see Appendix B 2),
whereas the minimal type-I seesaw allows them to decay
both leptonically and semileptonically.

Searches for two DV will manage to falsify models that
only predict a single DV and would be a clearer indication
that what we are seeing is a signal from LRSM,3 but the
reconstruction efficiency of two DVs may kill most of the
signal. Given how we know that reconstruction efficiency
for DVs at LHC detectors decreases linearly with length
[121,122], the naive assumption would be that for two DVs
the reconstruction efficiency would decrease quadratically.

A full analysis regarding the reconstruction efficiency is
beyond the scope of this paper. It can depend heavily on the
capacities of the proposed detectors, which are nowadays
unknown to us. We will thus only work in the optimistic
scenario where the reconstruction efficiency is one, as
previous studies have done [51-54].

VI. PROJECTED SENSITIVITIES
OF DISPLACED SEARCHES

We obtain the projected sensitivity for both one DV
and two DVs for all colliders mentioned in Sec. IV. The
sensitivity curves are defined by N oyens = 3, corresponding
to a ~95% exclusion limit in the limit where there is no
background. The number of events for one DV is given by

Né;e]gxzz‘g'a(f;f(—;_)NN)'Pdec'BRvis'el_DVa (16)

and for two DVs, it is given by

NEDY=L-6(¢;¢5 - NN)-P%.-BR% -2PV

vis © ’ (17)
where £ is the integrated luminosity, 6(¢, ¢, — NN) is the
production cross section, Pg.. is the probability that the
HNLs will be sufficiently displaced and that it will decay
within the fiducial volume. BR; is the visible branching
ratio in the fiducial volume, and € is the detection
efficiency. The decay probability is given by

1 k3
Pdec fnd —/ dg[e_Llnin/LN —_ e_Lm:«x(g)/LN]7 (18)
7 Jo

’LRSM is not the only model which would predict two
DV from HNLs. The aforementioned U(1),_, extension is one
of them. Moreover, models that predict the pair production
of HNLs naturally appear in different dimension 5 and 6
operators [54,120].
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TABLE II. Dimensions of the proposed detectors for different
experiments. The IDEA detector was proposed to both the FCC-
ee and CEPC, we took its dimensions from [96]. The SiD detector
was suggested to both the ILC and CLIC, and its dimensions were
taken from [101]. A muon collider does not yet have a proposed
detector, as a benchmark for it we will use the dimensions of the
IDEA detector.

Detector z/R (Linax (0))
IDEA Tracker 4.0 m/2.0 m 22 m
(FCC-ee, CEPC) Muon system 13.0 m/5.0 m 6.4 m
SiD Tracker 1.6 m/1.2 m 1.1 m
(ILC, CLIC) Muon system 11.3 m/6.0m  6.53 m

where @ is the angle with respect to the beam axis, Ly is the
decay length of the HNL, which is

/s —4m3

szrN

(19)

Ly =cyyty =c¢

L in 1s the minimum length for the process to be considered
as a displaced signal, which we will take to be around
5 mm. 5 mm is more than enough to suppress the back-
ground from mesons produced in the collider [121,122].
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Even for an N with the mass of the order of a B or a B,,
we would still expect the decay length of N to be much
higher than mesons (see Fig. 4). We can avoid any potential
background from heavy mesons with a cut in either
displacement or in invariant mass.

L ax (0) is the maximum length that the HNLs can have
such that they decay within the fiducial volume. L., (6)
will depend on the dimensions of the detector and on 6
due to the cylindrical geometry of the detectors. To a good
approximation, we can use the average value of L, (6) in
Eq. (18), which is given by

@) =2 F1op T

+R 1og<Z+ /e +4R2>], (20)

2R

where R and z are the radius and the longitudinal length of
the section of the detector in question. Which section of the
collider we consider depends on whether the final lepton is
an electron or a muon. For muon, we can consider the entire
volume of the detector, including the muon system; for
electrons, we will only consider the volume until the tracker

60 T T

. one displaced ve,
i

50

40

30

my [GeV]

20

10

0 10 20 30 40 50 60 70

My, [TeV]

FIG. 6. Sensitivity plots reach using the benchmark points presented in Tables I (FCC-ee and CEPC at the Z pole, and linear and muon
colliders the values with the highest center-of-mass energies) with a minimum displaced length of 5 mm; and a maximum displaced
length until the tracker volume for FCC-ee, CEPC, ILC, and CLIC, and until the muon system for a muon collider (all lengths are shown
in Table II). The plots were made considering N qyens = 3. corresponding to a ~95% exclusion limit.
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Sensitivity of future experiments vs our results (one displaced vertices)

Muon collider
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FIG. 7. Comparison between our results shown in Fig. 6 and
highlighted in Fig. 6.

because electrons that are more displaced can be misiden-
tified to be a different particle. For FCC-ee, CEPC, and the
muon collider, we will consider the geometry of the IDEA
detector; for the linear colliders, we will consider the
geometry of the SiD detector. Table II presents the geo-
metric parameters of different detectors for both their
trackers and muon systems.

Given how we are going to work in the simplified
scenarios, where N only mixes with e (for ee colliders) and
N only mixes with g (for the muon collider), we will only
be dealing with one length and one specific branching ratio
per collider; in both cases, we will have that Br,, = 1.
Different scenarios are treated in Appendix C, where the
branching ratio will be affected, how much N can be
displaced depending on each channel, and the production.

As we highlighted before, we will work in the optimistic
case where the reconstruction (as well as detection)
efficiency to be equal to one. This may not be the case
for the detection and reconstruction of a pair of displaced
vertices, and requires further study.

The cross section ¢(¢¢; — NN) was calculated with
the event generator WHIZARD 3.0.3 [123] and the UFO
files from [70].* The cross section includes initial state
radiation (ISR) effects for the FCC-ee, CEPC, and muon
collider. For linear colliders, we also took into account the
effects of beam polarization as described in [100] for the
ILC and [124] for CLIC.

The projected sensitivities for one and two DVs for
each experiment are presented in Fig. 6 and in Fig. 7 in
comparison with the sensitivities of future searches.

Both the FCC-ee and CEPC manage to reach very high
values of My, due to the huge luminosity that these
colliders could achieve at the Z pole, thus probing very

*WHIZARD presented a problem for the computation of cross
sections when /s > M, this is because the UFO in [70]. In
order to correct for it, we needed to include the decay width of Z'.
Its calculation is shown in Appendix A.

Sensitivity of future experiments vs our results (two displaced vertices)

103 4
— Muon collider
5 102 .
<)
Z / >
FCC-ee
S 10 CEPC E

MATHUSLA
SHiP

20 30 40 50 6070

My, [TeV]

5 10

other constraints shown in Fig. 1. The benchmark points used were

small values of {,. As we stated earlier, the cross section
increases quadratically with /s. This fact allows linear and
muon colliders that have higher values of center-of-mass
energy to also probe very high scales of LRSM.

VII. CONCLUSIONS

In this paper, we provided a first analysis of the
sensitivity that proposed future lepton colliders may have
on LRSM parameters for displaced signals of HNLs.

We first reviewed the relevant theoretical framework, the
constraints that stem from different experiments and theo-
retical contexts, the proposed collider experiments, and the
relevant phenomenology of HNLSs regarding their production
and decay in lepton colliders. We made a particular emphasis
on the potential displaced vertex signals that the model could
predict given the proper values of my and My, .

We showed that lepton colliders can probe scales of
LRSM that no other current experiment could potentially
reach. Incidentally, the region of the parameter space that
lepton colliders can probe allows for a DM candidate, as
well as baryogenesis and the potential lack of CP violation
in strong interactions.

Our results should be seen as complementary for
searches that could be done at future hadron-hadron
colliders like the FCC-hh [125]. Given the center-of-mass
energy of the proposed lepton colliders, the production of a
Wk is impossible. We can, however, reconstruct the mass of
Wp either from displaced signals from the lifetime of N and
produce it at a hadron-hadron facility.

More detailed studies are yet to be made on the potential
that prompt signals may have, and an accurate assessment
of the reconstruction efficiency of both single and doubly
displaced vertices at future lepton collider facilities.
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APPENDIX A: CALCULATION OF I',

In order for event generators to work for all regions of
the parameter space, including regions where M, < /s,
we need to include a nonzero decay width to Z'. The
calculation of I'y is straightforward; we simply need to
know how Z’ interacts with the rest of fermions,

c _
Ly = %WZ/[;}PR + 5 Py — )W,

Coy

(A1)

where W is any SM fermion field, 73 is the value of the left-
handed weak isospin of V¥, t?e is the right-handed weak
isospin of ¥, and ¢ is the charge of W. There are other
interactions that arise from the mixing between neutral
gauge bosons, much like the second term in Eq. (8), but
these sorts of interactions are very suppressed and should
not be necessary for a first-order approximation for I',.
We can rewrite Eq. (A1) as

9Cw 3
Ly = I—/glPZ,[QRPR +g.PL]Y,

Cow

(A2)

where g; and gz depend on the fermion in question and its
different quantum numbers; Table III depicts their values
for all SM fermions. We can then get the decay width to an
arbitrary pair of massless fermions,

TABLE III. Values of g; and gp for the different types of
particles. U and D are any type of up and down quark,
respectively, £ are charged leptons, v are active neutrino, and
N are HNLs.

Particle type gL Jr

U -2 it
D ie -1+i2
¢ e -1+
v % tﬁ, - % tﬁ,
N _% %

- &
[(Z - YY) = —24”31‘/12’(9% + g%),
W

(A3)
then we can get the total decay width as the sum over all
fermion fields,

Ty =Y Ny[(Z - 9P), (A4)
4

where Ny is a number to account for the different
quark colors and identical particles for Majorana particles;
it is 3 for quarks, 1 for charged leptons, and 1/2 neutral
leptons.

APPENDIX B: CONSIDERING A NONZERO g

In the main text, we considered the simplified case
where = 0, the value that dictates the mixing of the vev
in the bidoublet [see Egs. (3) and (4)]. If we were not to
neglect it, then this would open a new set of interactions
for N, as we would now have a tree-level interaction
with the SM W field from the mixing angle &y, [see
Eq. (7) and (9)]. That could affect both the decay and
production of HNLs.

The allowed values of f or a depend on whether we’re
considering C or P. In the case of C, both values are
unrestricted 0 < f < z/4 and 0 < a < 2z. Whereas for the
case of P, there is a bound on a specific combination that
arises from considerations in quark mass matrices [63-65],

Zmb

sin(a) tan(2f) < (B1)

m;

where m,, is the mass of the bottom quark, and m, of the
top quark.

To have an idea of the potential that Wz — W mixing
could have on our bounds, we will choose two benchmark
points f = 0.1, z/4 (none of our results will depend on the
specific value of @, so we will not assume any value for it).
We should stress, that the value § = 7/4 is unphysical, as it
would predict up and down type quarks to have the same
masses, we will only use it to consider the full potential that
the W — Wy mixing would have.

1. Effects at production

A nonzero &y, allows for the production of a single HNL
and an active neutrino through a W-boson exchange in a ¢
and u channel; both diagrams are shown in Fig. 8.

As we mentioned before, there are other models that
generate the same signal, such as the type-I seesaw. We
could only distinguish models that generate such a signal
from a measurement of the branching ratio of the decays of
the HNLs produced and/or lifetimes.

As we can see from Fig. 9, the limit where f — z/4,
the production cross section of a single HNL in the
LRSM is competitive with the production of two HNLs
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FIG. 8. Dominant production channels of a single HNL in the

(a) t channel, and (b) u channel.

Cross section comparison between
single and double HNL production
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FIG. 9. Cross section comparison between the production of a
single HNL and the production of two HNLs.

near the Z pole; however, for higher values of /s, the cross
section is much smaller than the production of two HNLs.
This is because for higher /s > My, then 6(£¢ — Nv)
M3, /My, sin*(2f), as opposed to the behavior of the cross
section of the doubly produced HNLs shown in Eq. (13),
which grows with s for some /s and then plateaus to
o(¢¢ = NN) « 1/Mj, .

For smaller and more realistic values of S, then the
production of a single HNL and a neutrino should be
suppressed in most cases, as it is shown in Fig. 9 for the
benchmark point of = 0.1.

A potential discrimination between LRSM and other
models that predict single HNL production at the Z pole,
like the type-I seesaw may be more difficult in this case,
especially since for a nonzero f the lifetime and branching
ratios may change by quite a lot (the change in lifetime and
its effects on our projected sensitivity are discussed in
Appendix B 2). Indeed, a nonzero S allows now for
charged-current mediated leptonic decays. A more dedi-
cated study might be needed as a way to discriminate
between both models.

2. Effects at decay

A nonzero value of &y, also affects the lifetime of HNLs,
since it allows decays mediated through an on shell or off
shell W boson. These decay channels will allow N to have

leptonic decays (N — ££v) as well as to add more semi-
leptonic decay channels (N — Zqq). To encapsulate all
these effects, we can generalize Eq. (14) to include on and
off shell decays to a W boson,

Gim3, [ M3 3
FMy w2

I, o~—fN B2
7 q6n3 My, 2 (B2)

\Ew ]I (my, my, Ty) |,

where we have also ignored the masses of all final
particles. The second term is the contribution from the
W-mediated boson decay, the factor 3/2 comes from the
three extra leptonic decay channels. The dimensionless
function / comes from a phase space integration and is
defined as

(1—=x)(1 + 2x)
1 —xm%/M3,)? +T%,/M3,°
(B3)

1 1
I(mN’MW’FW):Q‘/O dx(

where [y is the decay width of the W boson.

The addition of these decay channels will directly
affect the lifetime of N. If my > My, then we allow for N
to also decay to an on shell W boson and reduce the
lifetime of N depending on the value of . For smaller
values of my, the lifetime will still be affected, but in a
much less dramatic way. We can see how much the decay
length would change for our different benchmark points
of fin Fig. 10. Indeed, as we would expect, for f = 0.1
then the decay length and lifetime only significantly
change for my > My. But for = /4 where &y is
maximum, then N decays mediated by W and Wy are
equally likely, and lifetime changes for all values of my,
especially for my > My,.

The difference in lifetime changes the sensitivities for
searches of displaced HNLs. For example, in the case of
circular colliders, the change would not be as significant,
but for linear colliders and for a muon collider, where the

Decay length of N for a non-zero f

102 L N — My, =10TeV ]
P — My, =50TeV ]
1F 1
—_ 3 1
é 1072 E
| b
S 1074 1
3
10_6 3
3
—8 1 1 1 1 1
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my [GeV]

FIG. 10. The effect that # may have on the lifetime on HNLs for
My, =10 TeV.
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FCC-ee sensitivity for one displaced vertex
for different values of f
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FIG. 11.
DV using the same bechmark parameters as used in Fig. 6.

sensitivity reaches values higher than the W mass, the
constraints change dramatically, as HNLs would no longer
be long-lived.

We plotted how much the projected sensitivity would
change for our results from the FCC-ee and muon collider
in Fig. 11 for the number of single HNL displaced
vertices. The projections for the FCC-ee do not change
as much for either of our benchmark points of = 0.1,
whereas for = z/4, we become more sensible to lighter
values of my and higher values of My, . Whereas for a
muon collider, our projections significantly change due to
the fact that a muon collider will be more sensible to
HNLs with masses higher than My,. We would expect
similar results for both the ILC and CLIC, as they are also
sensible to heavy HNLs.

A nonzero f will also change the branching ratios as it
will allow for leptonic and semileptonic decays instead of
only semileptonic decays. It is still too early to properly
know whether the reconstruction efficiencies would change
for semileptonic or leptonic signals, but this would affect
our naive bounds shown in Fig. 11.

APPENDIX C: CONSIDERING DIFFERENT
MIXING SCENARIOS

In the main text, we only considered the case where
|Uyi[* =1 (for ee colliders) and where |U,|* =1 (for
the muon collider). The formulas we have considered in
Egs. (16) and (17) are in the simplified scenarios. In a more
general case, then we would have

(l.\je]gt\g =2- G(I,ﬂ;f;r — NN) . (PgélCCkerBRe + P/(;e:ysBR )
(1)

Neams = 0(€als = NN) - (PEE"BR, + P BR,)%,
(€2)

Muon collider sensitivity for one displaced vertex
for different values of f

250 —— ,
— =0
..... £=0.1
W00 e pmgps 7, ]
2 150t AN
z100f /. aemmmmmTTTTTTIS ~ 4
£ 100y Lo - P
or” i
sop” =T 1
0 1 1 1 1 1 1

The difference in sensitivity when considering maximum for different values of $ for FCC-ee and muon collider for a single

where Ptcker and P4 ™" are the decay probabilities until
the tracker and muon system, respectively (the lengths
for the detectors considered are in Table II), BR, and BR,
are the branching ratios of N decaying to electrons and
muons, respectively, and where we assumed that a
reconstruction/detection efficiency e~ 1 for both single
and doubly displaced signals for both electrons and muons.

Beyond the simplified scenarios, the production cross
section will also change, in particular for the W mediated ¢
and u channels, as shown in Eq. (13), which means that
there will be a decrease in sensitivity proportional to |U,;[*
for linear colliders and to |U,[* for a muon collider.
Moreover, there is also a suppression from the branching
ratios, since BR, = |U |*.

We can estimate how much sensitivity we would lose
between our simplified scenarios and with general mixing,

for Piacker ~ pAo® For one DV, it would be
Uil)

/41| _0)

2
/41|

évéil(lU
Navens (IU
N{‘Uel| + |
~ LUl (U P+

(for FCC-ee, CEPC),
U,l?) (for ILC,CLIC),

(C3)
and for two DVs,
Ng\jelgt\:(“]e” |U |)
gve]gt\s/(lUd' - 1 |U | = 0)

N{<|Uel|2+|u,,1| y
‘Uel |4(|Uel|2 + |U/41|2)2

(for FCC-ee, CEPC),
(for ILC, CLIC),
(C4)

and for a muon collider, it would be similar to the case of

ILC or CLIC, but with [U,|* = U, |*
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FIG. 12.  95% exclusion limit for different mixing scenarios, where we used the same benchmark points as in Fig. 6 for both FCC-ee
and a muon collider. The electron and muon dominated scenarios are the case where |U,;|> = 1 and |U ul [> = 1, the equal mixing case is
where |U,|* = |U,|* = 1/3, and the PMNS mixing is where |U,|* = 0.68 and |U,,[* = 0.07.

With all this taken into account, we will consider two
different scenarios and compare them with the sensitivity
bounds from the main text. We will consider an equal
mixing, where |U, > =|U, > =|Uy*=1/3 and a
the case where the values of the right-handed PMNS are
equal to the left-handed PMNS [this would be true in the
so-called type-II dominated seesaw in the LRSM, where
My, is negligible in Eq. (6)], where |U,,|*>~0.68 and
|U,1|* ~0.07, for the normal ordering [126,127].

Figure 12 shows how much our sensitivity bounds would
change depending on our different mixing scenarios. For
FCC-ee, the change in sensitivity is not drastic because the
main production channel is through a Z boson; for a muon
collider, the sensitivity greatly changes because of the
diminution in production cross section. For both linear
colliders, we would expect a similar decrease in sensitivity
as the one from a muon collider.

Background free regions for the FCC-ee
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APPENDIX D: THE POTENTIAL OF
PROMPT DECAYS

As we stated before in the main text, prompt searches
also have a very clean signal due to the Majorana nature of
HNLs. Indeed, we can have LNV processes in the form of
an SS lepton signal and two jets (£Zjjjj). The SM has no
way of producing any irreducible background to this signal.
Possible sources of background arise from heavy hadron
decays, as it was said in [119].

A full background analysis is beyond the scope of this
paper and should be subject to future study. However, we
will perform a very optimistic projection on the possible
sensitivity that lepton colliders might have on searches for
LNV processes originating from the production of two
HNLs. Searches for prompt signals probe a different region
of the parameter space than displaced searches, higher
values of my and smaller values of My, .

Background free regions for a Muon collider

10* T T T T T
rmN S,

103 & Prompt region E
>
[5)
O 102k 4
; Displaced region
N

10

30 40
My, [TeV]

50 60 70

95% exclusion limit that prompt LNV would have to future colliders compared to displaced searches. The plot on the left

shows the potential that the FCC-ee and the muon collider would have for the same benchmark points considered in Fig. 6. We
highlighted the prompt and displaced regions (of one single displaced vertex) of the parameter space. For the plot on the left, we
included the area which would have already been constrained from meson oscillations, and on the right, the region in which the theory

would not be considered perturbative.
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If we only consider LNV-violating processes, we would
reduce the signal in half; Majorana HNLs have an equal
possibility to decay to both N — #~UD and N — £+ UD.
The same signal has appeared in searches for the LHC
either in the same model [118] or in an extended minimal
type I seesaw that includes interactions between axions and
HNLs [128].

We can obtain our bounds in a similar way as we did for
the DVs. The expected number of LNV events is

NEN =3 Loo(tit; > NN). (D)
where the factor 1/2 comes from the fact that half of the
total signal should be LNV. Again, for a backgroundless
search, a 20 discovery would be equivalent to seeing
four events.

We should also stress that this sensitivity projection
comes from using the NWA approximation [which was
justified in Eq. (15)] and does not take into account the
effects that the production of off-shell HNLs might have.
The inclusion of off shell HNLs will also allow us to probe
values of my > /s/2 and will also change the ratio of

LNC and LNV processes, as it was shown in [129]. Of
course, we would be expecting the production of off shell
HNLs to be suppressed, but it should also be the subject of
a future study.

In Fig. 13, we show an estimate of the sensitivity to
prompt LNV searches at the FCC-ee with /s at the Z pole
and a muon collider with /s ~ 10 TeV.

From the projected sensitivity, we can see that the
FCC-ee is best suited for displaced searches. Most of
the parameter space that prompt signals would cover would
have already been probed by meson-oscillations constraints
and from the potential searches done at the HL-LHC for
displaced vertices from a single HNL. Prompt searches
would allow a muon collider to probe a much bigger region
of the parameter space.

With the considerations we have made, our projected
sensitivities should not be affected by a nonzero value of f.
But, as we discussed before, we would allow for leptonic
decays and decays into an on shell W boson, whose
detection efficiency may change as compared to semi-
leptonic signals. All of these considerations should also be
taken into account in a future study.
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