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1 Introduction

The neutrino dipole portal of the heavy neutral lepton (HNL) originates from a six-dimension
operator [1]:

Ldipole = L̄(dWWa
µντa + dBBµν)H̃σµνN + h.c. , (1.1)

where L denotes the SM lepton doublet, Wa
µν and Bµν stand for the SU(2)L field strength

tensor, τa = σa/2 with σa being Pauli matrix, H̃ = iσ2H
∗ is the conjugate Higgs field, and

N is the HNL gauge singlet.1 After the spontaneous symmetry breaking, we have

Leffdipole = ν̄αL(dαFµν − dZZµν)σµνN + dW l̄LWµνσ
µνN + h.c., (1.2)

where

dα = v cos θW√
2

(
dB + tan θW

2 dW

)
, dZ = v cos θW√

2

(
dW
2 − tan θWdB

)
, dW = v

2dW , (1.3)

1If having two HNLs N1, N2, it may be possible to consider dimension-5 operators that couple N1, N2 to
the gauge field strength (see, e.g. [2]).
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with v being the Higgs vacuum expectation value, the couplings dZ , dW vary within the range

|dZ/dα| ∈ (0, cot θW ), |dW /dα| ∈
(

0,
√

2
sin θW

)
(1.4)

and dα stands for the dipole coupling with α = e, µ, τ .2

The first works discussing this model were motivated by the MiniBooNE and LSND
anomalies [4, 5]. Since then, many studies have been made on the constraints and sensitivities
of future experiments to the dipole portal, especially very recently [6–26].

The constraints on the HNLs can be briefly summarized as follows [1, 10]:

– From the viewpoint of outer space, HNL may influence the stellar cooling process as
well as the expansion and cooling of the universe. The latter can be scrutinized by
analyzing Big Bang Nucleosynthesis and CMB constraints. The above processes are
mainly sensitive to mN with masses below 300MeV [3].

– One of the efficient production mechanisms of HNLs is the neutrinos up-scattering
off electrons or nucleons [1, 10]. Therefore, the dipole portal may be constrained
in neutrino or dark matter experiments. Examples include CHARM-II, DONUT,
NOMAD, LSND, MiniBooNE, SBND, MicroBooNE, CHARM-II, DONUT, NOMAD,
Borexino, Super-Kamiokande, IceCube, SHiP, DUNE, COHERENT, NUCLEUS,
Xenon1T, SuperCDMS, etc., see [1, 10, 14]. Because of the limited energy of neutrino
sources, these constraints or sensitivities to HNL masses can be at most at a few GeV.

– At the energy frontier, it is feasible to probe the existence of much heavier HNL
through the dipole portal. A discussion of the constraints coming from the LEP and
the LHC has been made in [1].

The currently unexplored parameter space may be probed in various future experiments.
Relatively light HNLs with masses mN . O(1GeV) may be produced by decays of light
mesons such as π,K, and in neutrino up-scatterings [1, 10] at neutrino factories. Examples
are currently running SND@LHC [27], FASERν [28] as well as their future upgrades —
advSND [29] and FASER2/FASERν2 [8], SHiP [30], and DUNE [31]. The plot showing
sensitivities of DUNE and FASER2 to HNLs coupled to τ neutrinos is shown in figure 1.
Another potential probe of the HNL parameter space may come from Belle II [18].

However, the sensitivity of neutrino factories quickly diminishes with the increase of
the HNL mass mN . This is because of the quick decrease of the up-scattering production
cross-section with mN . Therefore, we need other experiments to explore heavier HNLs
with small couplings. Future ultrahigh energy neutrino telescope may contribute to the

2Note that it is illustrated in ref. [3] how to construct UV-complete models which give rise to the operators
in eq. (1.2) at high energy scale Λ. The TeV-scale leptoquark model can make good compromises between
large values of dα and small values of active neutrino masses, where the phenomenology of HNL is dominated
by the dipole portal instead of the mixing one. In eq. (1.1), dW and dB can be rewritten as CW/Λ2 and
CB/Λ2, respectively, where CW and CB are Wilson coefficients dependent on lepton flavor. It is easy to
translate the constraint of dα to that of CW and CB from eq. (1.3). Taking any fixed values of |dZ/dα| and
|dW /dα| within the two ranges of eq. (1.4) directly leads us to CW,B/Λ2 proportional to dα.
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|dZ/dτ| = cot(θW ), |dW /dτ| = 2 /sin(θW )

Figure 1. Sensitivity of neutrino factories (such as DUNE [24] and FASER2 [8]) to HNLs with the
dipole coupling to τ neutrinos. The bounds from past experiments (shown as gray region) have been
obtained from [10].

sensitivities of HNL masses as large as 30TeV [19]. To probe masses above 1GeV and small
couplings, one may consider various signatures with HNLs at colliders: lepton colliders,
such as FCC-ee [32], CEPC [33, 34], the muon collider [35, 36], and hadron colliders — the
LHC in its high luminosity phase, FCC-eh [32] and FCC-hh [37].

The sensitivity of CEPC to the HNLs for the particular signature of a photon and
missing energy has been obtained in [26]. However, to the best of our knowledge, a
systematic study of the potential of the colliders to explore the dipole portal is lacking.

In this work, we analyze how different signatures with HNLs may be used to search for
them at the lepton and hadron colliders. The paper is organized as follows: in section 2,
we study the phenomenology of HNLs at colliders, including their production and decay,
and consider different signatures used to search for these HNLs. We also discuss how the
events originating from the dipole coupling may be distinguished from those originating
from the HNL mixing with neutrinos. Subsequently, the sensitivities to the dipole portal at
hadron and lepton colliders are discussed in section 3 and section 4, respectively. Finally, in
section 5, we make conclusions.

2 HNLs with dipole coupling at colliders

In this section, we discuss details on the production and decay of HNLs, and how to search
for them at colliders. Below, we marginalize over dZ , dW by choosing their maximal possible
values (see eq. (1.4)), namely, dZ = cot(θW )dα and dW =

√
2/ sin(θW )dα. We also assume

the Dirac nature of HNLs. The analysis for the Majorana HNLs would be similar, except
for the twice larger decay length for the fixed coupling and mass (see a discussion in [10]).

– 3 –
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Experiment NW NZ

HL-LHC 6 · 1011 1.5 · 1011

FCC-hh 1.2 · 1013 9 · 1012

FCC-ee 5 · 108 5 · 1012

Table 1. The numbers of bosons used in the simplified estimates for the HNL number of events in
section 2. They are taken from refs. [32, 38] (for HL-LHC and FCC-ee), or obtained using MadGraph
tree-level simulation [39] (for FCC-hh).

2.1 Phenomenology

Production. At colliders, there are two mechanisms of the production of HNLs with
masses mN & 1GeV. The first mechanism is direct production:

l+ + l− → N + ν (2.1)

at the lepton colliders, and

p+ p→ N + ν +X, p+ p→ N + l +X (2.2)

at the hadron colliders. The processes with neutrinos may go via all the possible couplings
dα, dZ , dW in eq. (1.2), while the process with the charged lepton is via dW . The second
production mechanism is via decays of W and Z bosons,

W → N + l, Z → N + ν, (2.3)

controlled by dW and dZ coupling, respectively. The amounts of these bosons at the LHC,
FCC-hh, and the Z-pole mode of FCC-ee are reported in table 1. In the low-mass limit
mN � mW/Z , the branching ratios of these decay processes behave as

Br(W → N + l) ≈ d2
Wm

3
W

12πΓW
≈ 6.5 · 103

(
dW

GeV−1

)2
, (2.4)

Br(Z → N + ν) ≈ d2
Zm

3
Z

12πΓZ
≈ 8 · 103

(
dZ

GeV−1

)2
. (2.5)

For the HNLs with masses below the W/Z mass, the prompt production is suppressed
compared to the decay of the heavy bosons. This in particular means that the muon collider,
operating at energies much above the Z boson mass, is not as efficient in probing the
parameter space of such HNLs as the electron colliders.

Decays. Decays of HNLs in the mass range mN � mW,Z occur mainly via the coupling
dα. This is because the decay widths for the processes mediated by dW,Z are suppressed by
m4
NG

2
F � 1. The main decay channel is the 2-body decay N → ν + γ. The corresponding

decay width is [1]

ΓN→νγ = d2
αm

3
N

4π ≈ ΓN,tot (2.6)
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Figure 2. The branching ratios of sub-dominant decays of HNLs: the di-lepton decays N →
ν + l+ + l−, where l = e, µ, and the hadronic decays N → ν + hadrons, approximated by the decay
N → ν + q + q̄, where q = u, d, s, c, b. Note that below mN ' ΛQCD ∼ 1GeV, perturbative QCD
breaks down, and the corresponding prediction for the hadronic branching ratio becomes invalid.

However, this process does not suit the collider searches that require observing a displaced
decay vertex. Instead, sub-dominant decay channels should be considered — the 3-body
decays N → f + f̄ + ν, which occur via the virtual photon. In the limit mN � 2mf , the
corresponding decay width behaves as [24]

ΓN→νff̄ ≈
αEM|dα|2m3

NQ
2
fNf

12π2

(
log
[
m2
N

m2
f

]
− 3

)
, (2.7)

where Qf is the electric charge of the fermion f , while Nf = 1 for leptons or Nf = 3 for
quarks. The branching ratios of these processes are shown in figure 2.

2.2 Signatures

Having discussed the phenomenology of HNLs, we may now consider the signatures at
lepton and hadron colliders.

2.2.1 Hadron colliders

Monophoton and missing energy. One of the possible signatures is the event with a
monophoton and missing energy, e.g.

q + q̄ → N + ν̄, N → ν + γ, (2.8)

with the missing energy carried away by neutrinos. This signature has been analyzed in [1],
where the authors utilized ATLAS search [40] performed for the dataset corresponding to
the integrated luminosity L = 36.1 fb−1. It was shown that with this type of search, it
might be possible to probe the couplings higher than d & 10−5 GeV−1.

– 5 –
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Estimating the sensitivity of the LHC in the high luminosity phase is simple. In the
accessible parameter space, the HNLs have microscopic proper lifetimes cτN � 1mm, and
the probability for the HNL to decay is ≈ 1. Therefore, the number of events scales as

Nev ∼ NN,prod × Pdecay × εsel ∝ L× d2
Z , (2.9)

where NN,prod ∝ L× d2
Z is the total number of the produced HNLs, and εsel is the selection

efficiency, which we assume will not affect the scaling of the number of events with the
HNL model parameters. Given that the background also scales with L, the lower bound of
the sensitivity in the plane mN–d changes as L−1/4. For HL-LHC, LHL = 3000 fb−1, and
therefore it should probe a factor of (3000/38)1/4 ≈ 3 smaller couplings than it was derived
in [1] for the old dataset. We show the corresponding bounds in figures 5 and 9.

Displaced vertices. HNLs with decay lengths lN,decay & O(1mm) and massesmN < mW

may be searched using displaced vertex (DV) techniques. An example of such a DV scheme
is the scheme [41] used at CMS to look for HNLs with the mixing coupling. The scheme
utilizes the process chain

p+ p→W +X, W → N + l, N → l
′+ + l

′′− + ν, (2.10)

where l, l′, l′′ are electrons or muons. To discriminate HNLs from backgrounds, it is required
to detect the final state leptons l′, l′′, and the prompt lepton l. These particles must have
kinematic properties that satisfy some selection criteria. Examples of such properties are
large enough transverse momentum and transverse impact parameters. We will discuss the
selection in more detail in section 3.2.

For HNLs with masses mN < mη, additional production channels by decays of mesons
open up. In particular, neutral mesons such as π0/η may promptly decay into an HNL and a
neutrino, π0/η → N + ν [24]. There are two complications with using these channels. First,
although Nπ,η/NW/Z ∼ 107 [42], the branching ratio of these decays is ∼ 10−4(dα/GeV−1)
(compare to (2.5), where the branching ratios are parametrically very large); the resulting
amounts of the HNLs from heavy bosons and the mesons are thus similar. Second, there
is no clear method of distinguishing the events with feebly-interacting particles from light
mesons from SM events; in contrast, the events with decays of W/Z may be distinguished by
their specific topology and large transverse momenta of the outgoing leptons. Nevertheless,
this production channel may be used by far-forward LHC-based experiments such as FASER
or FACET, which are located far enough to eliminate the SM background without imposing
any requirement on the events with HNLs.

2.2.2 Lepton colliders

Monophoton and missing energy. Similarly to the hadron colliders, it may be possible
to search for the HNLs via the missing energy signature at the lepton colliders. The process
of interest is [1]

l+ + l− → N + ν̄, N → γ + ν (2.11)

Similarly to the case of the analogical search at the LHC, it may be possible to derive the
sensitivity of FCC-ee from the result of the older searches at DELPHI. The upper bound

– 6 –
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Figure 3. The distribution of the electron-positron pair from the HNL decay N → νe+e− in the
invariant mass mee =

√
(pe+ + pe−)2, assuming the mixing (the red histogram) or the dipole (the

blue histogram) coupling of the HNL to the SM particles.

from LEP on the cross-section of the process e+e− → γ + inv obtained at the Z pole mode
is [43–45] σDELPHI

mono-γ = 0.1 pb, where for the energy of the photon and its polar angle it was
required Eγ > 0.7GeV and | cos(θγ)| < 0.7. Given the similar background at FCC-ee and
LEP (and in particular that both LEP and FCC-ee are free from pileup), and assuming
conservatively the same detector properties of FCC-ee as for LEP, the lower bound of the
sensitivity of FCC-ee would be

σFCC-eemono-γ
σFCC-eemono-γ

'
(
LLEPZ-pole
LFCC-eeZ-pole

) 1
4

= 3.3 · 10−2 (2.12)

where LLEPZ-pole = 0.2 fb−1 and LFCC-eeZ-pole = 150 · 103 fb−1.
We show the corresponding sensitivity in figures 8 and 9. Note that this simple estimate

roughly agrees with the sensitivity of CEPC recently computed in [26].
Let us now discuss how to distinguish leptonic decays of the HNLs with mixing or

the dipole couplings. The simplest way would be to check the presence of the leptons of
different flavors in the lepton pair: such type of decays is common for the HNLs with the
mixing coupling (it occurs via the charged current) [46–48] but is highly suppressed for the
HNLs with the dipole coupling. Another way would be to compare the distribution of the
lepton pair in invariant mass. For the dipole coupling, the leptons appear via a virtual
photon. Therefore, the distribution has the maximum at minv = 2me and quickly drops
with the increase of minv. In contrast, for the mixing coupling, the mediator is a heavy
W/Z, the corresponding propagator is a constant, and the distribution is rather flat in the
range 0 < minv < mN , see figure 3.

Displaced decays. Another way to search for HNLs may be to look for the displaced
decays. Unlike the LHC, lepton colliders have a much cleaner background; in particular, no

– 7 –
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pile-up events [49, 50]. Therefore, it may be much simpler to distinguish a hypothetical SM
background and the signal from decaying HNLs. In particular, instead of searching for the
events with prompt leptons, one may consider only the events with the displaced vertex —
the Z boson decays

e+ + e− → Z, Z → N + ν, N → l+ + l− + ν (2.13)

To summarize, we conclude that there is a complementarity between the mentioned
signatures at colliders and the non-collider experiments. While the latter would probe
mainly dα, the former may explore the couplings dZ , dW . The displaced vertex signatures
may contribute to the sensitivity only if dZ,W 6= 0, since these couplings determine the
production of the HNLs. In contrast, the missing energy signature may still provide the
sensitivity, given that the HNL production, in this case, is also controlled by dα.

In addition, we should stress another complementarity — between the lepton colliders
may mainly probe the dZ coupling, the hadronic colliders suit better for probing dW .

Similar to the hadron colliders case, HNLs may be additionally produced by decays of
light mesons. However, such events would typically have a large multiplicity and do not
have peculiar kinematic features which simplifies their distinguishing from the SM events.
Therefore, further, we concentrate only on the production from Z bosons.

3 Hadron colliders

3.1 Background

In [41], the search for HNLs with the mixing coupling has been performed using the statistics
accumulated during 2016–2018, corresponding to the integrated luminosity 138 fb−1 at
CMS. The results of this search may be extrapolated to the high-luminosity LHC, with the
corresponding scaling of the SM background.

To reduce backgrounds, the following selection cuts have been imposed:

– One prompt lepton l1 and two displaced leptons l2,3 within the pseudorapidity range
|η| < 2.5.

– Prompt electron (muon): pT > 30–32 (25)GeV, transverse impact parameter |d0| <
0.05 cm and longitudinal impact parameter |dz| < 0.1 cm.

– Displaced electrons (muons): pT > 7 (5)GeV, |d0| > 0.01 cm, |dz| < 10 cm. The total
transverse momentum of the two displaced leptons should be pT,23 > 15GeV.

– The invariant mass of 3 leptons should be within 50GeV <
√
s123 < 80GeV; the

invariant mass of the displaced leptons √s23 should not be close to the invariant mass
of the SM resonances (such as ω, φ, J/ψ,. . . ).

– Angular constraints: the angle between the HNL direction (assumed to be given by
the vector from the primary vertex to the secondary vertex) and the direction given by
the total momentum of l2, p3 is cos(θSV,23) > 0.99; the azimuthal separation between

– 8 –
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Detector |η| R× L
CMS@LHC < 2.5 0.5m× 3m
FCC-hh < 4 1.6m× 5m

Table 2. Parameters of the trackers at CMS@LHC and the FCC-hh reference design detector:
pseudorapidity coverage, transverse and longitudinal size. The values are taken from [51] and [37].

the prompt and each of the displaced leptons should be |∆φ(l1, l2/3)| > 1; the angular
separation between l2,3 should be ∆R(l2, l3) =

√
∆η2

23 + ∆φ2
23 < 1.

– Maximal displacement constraints: displaced vertex within the tracker, i.e., the
transverse distance ∆2D < 0.5m and the longitudinal distance ∆|| < 3m.

The reconstruction efficiency for the prompt leptons is ' 90%. The reconstruction efficiency
for displaced leptons depends on the lepton type, its relative isolation, and the displacement.
In particular, for the displacement 10 (25) cm, depending on the relative isolation, the
efficiency for the electron reconstruction varies in the limits from 20%–40% to 60%–80%
(15%–20% to 50%–60%). In contrast, for the muons with the displacement 10 (50) cm, the
numbers change from 85%–90% to 95% (40%–50% to 80%).

Backgrounds for this selection set may come from the events with misidentified hadrons,
muons from pion or kaon decays, and leptons coming from decays of heavy flavor hadrons.
For the luminosity corresponding to the data set collected at CMS in 2016–2018, the total
number of predicted background events is ' 100–200. The collected data agreed with the
theoretical background prediction, which was used to impose the exclusion bound on the
parameter space of the HNLs with the mixing coupling.

3.2 Sensitivity

Let us estimate the sensitivity of this scheme to the HNLs with the dipole coupling. We
will consider the LHC in its high luminosity phase (HL-LHC) and FCC-hh, assuming for
the latter the same search scheme as for the LHC. The parameters of these two detectors
are summarized in table 2. Due to larger energies, the background at the FCC-hh may
qualitatively change. Therefore, we will present the sensitivity of the FCC-hh in the form
of iso-contours.

We start with evaluating the selection efficiency for the signal. We define it as

εselection ≡
∑
l=e,µ Br(N → νl+l−)× εllsel∑

l=e,µ Br(N → νl+l−) , (3.1)

where εllsel is the selection efficiency for the decay into a lepton pair l+l−. For simplicity,
we perform a pure MC simulation, where the kinematics reconstruction effects are not
considered. For the LHC, we approximate the displaced leptons reconstruction efficiency by
a linear function of the transverse displacement, adopting conservatively the lowest values
reported in [41] for the interpolation points. As a cross-check of the calculations, we have
reproduced the sensitivity to HNLs with the mixing coupling reported in [41] within a factor

– 9 –
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Figure 4. Selection efficiencies for the events with decaying HNLs at CMS@LHC and at FCC-hh,
assuming the same experimental setup as at CMS@LHC. Left panel: as a function of the HNL
decay length for several choices of its mass. Right panel: as a function of the HNL mass.

of 1.5, which is appropriate given the simplicity of the simulation. For the FCC-hh, we
assume unit displaced leptons reconstruction efficiency, motivated by a possible development
of technologies at the time of the construction of FCC-hh. Compared to the CMS@LHC
case, we also change the pseudorapidity/displacement cuts due to the changed tracker size
(see table 2), leaving the other cuts unchanged.

The mass and lifetime dependence of εselection for the HNLs with the dipole coupling
case is shown in figure 4. From the figure, we see that for HNLs with mass mN . 10GeV,
εselection does not exceed ' 10−2 at the LHC. The corresponding values at the FCC-hh
are at least one order of magnitude larger. This is a combined effect of the larger tracker
volume and the unit displaced leptons reconstruction efficiency. For the fixed decay length,
the efficiency increases with the HNL mass. The reason is an increase of the pT of the
produced leptons relative to the direction of the incoming HNL, and hence the transverse
impact parameter.

The number of events is given by

Nevents = NW × Br(W → N + l)×
∑
l=e,µ

Br(N → νl+l−)× εselection (3.2)

The behavior of the number of events with the coupling for the fixed mass is shown in
figure 5. The number of events at the FCC-hh is a factor of a few hundred larger than at
the LHC. This increase is due to the larger selection efficiency and a gain in the luminosity
and W boson production cross-section.

The sensitivities of the searches for the displaced vertices at the HL-LHC and FCC-hh
assuming the coupling of the HNLs to the electron flavor are shown in figure 5. Although
the sensitivity of the LHC is completely within the sensitivity of DUNE, it may still be
a useful probe of the dipole portal, since it probes not only the dα coupling, but also the
coupling to W bosons, and hence the LHC is complementary to other probes.

In the same figure, we also show the projected limits for the parameter space that may
be probed by the mono γ searches (remind section 2.2.1). Because of a huge background,
this search cannot explore unconstrained HNL couplings.

– 10 –
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Figure 5. Left panel: the behavior of the number of events for HNLs with different masses as
a function of the dipole coupling dα. Right panel: the potential of the hadron colliders — high
luminosity LHC and FCC-hh — to probe the HNL parameter space. For the LHC case, we show
the sensitivities coming from two signatures (section 2.2.1): the dilepton displaced vertex searches,
for which we report the 90% CL limit, as well as the projected sensitivity from the searches for
the events with mono γ and missing energy at ATLAS. In the case of the FCC-hh, we show the
iso-contours corresponding to 50 and 100 events.

4 Lepton colliders

4.1 Backgrounds

Lepton colliders are free from pileup and have a low beam-induced background. Therefore,
for the given process with an HNL,

e+ + e− → Z → N + ν → Y + Ȳ + ν, (4.1)

where Y, Ȳ denote visible HNL decay products, the only possible background comes from
single events of e+, e− collisions. The latter includes Z boson decays

e+ + e− → Z → f + f̄ → Y + Ȳ + inv, (4.2)

where f = l = e, µ, τ or q = u, d, s, c, b, and prompt 4-fermion production

e+ + e− → f + f̄ ′ + f ′′ + f̄ ′′′ → Y + Ȳ + inv, (4.3)

see figure 6.
By “inv”, we denote the particles that leave the detector invisibly; examples include

neutrinos or the particles that have not been detected due to the inefficiency of the detector.
In [52], a preliminary background analysis for FCC-ee has been performed for the

minimal HNL model with the mixing coupling. For the particular decay process N →
e+ +e−+ν, backgrounds from the decays of Z bosons have been considered. The simulation
started by generating events in MadGraph [39], followed by Pythia8 [53] for the hadronization
and DELPHES [54] for the simulation of the detector response. The background reduction
has been studied using pre-selection cuts, i.e. without requiring the candidates Y , Ȳ to
form a good vertex. The selection started from the requirement to have the visible final
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N

Figure 6. Events at lepton colliders. An event (4.1) with an HNL decaying into a pair of charged
leptons l+, l− (the diagram (a)), and possible background processes to it: decays Z → XX̄ →
l+ + l− + inv (the diagrams (b), (c)), as well as 4-fermion process e+e− → l+l− + ν + ν̄.

state consisting solely of a pair of e+, e− particles. Then, the event was required to have
non-zero missing momentum /p = |pe+ + pe− | > 10GeV, to account for finite momentum
reconstruction resolution and remove a huge fraction of background from decays Z → ee.
Then, the cut on the transverse impact parameter, the minimal distance |d0| > 0.5mm
from the track helical trajectory to the beamline, has been applied to both e+ and e−. This
selection allowed reducing backgrounds from promptly produced e+, e−.

In total, the pre-selection reduced backgrounds down to ∼ 105 — mostly coming from

Z → τ + τ̄ → e+ + e− + inv (4.4)

Therefore, an additional selection is needed to remove the background. In addition, the
impact parameter cut harms the sensitivity to short-lived HNLs, being in particular much
more restrictive than the requirement for the vertex displacement rdispl > 400 µm used
in [52] to demonstrate the potential of FCC-ee to explore the parameter space of the HNLs
with the mixing coupling (see also figure 7).

An examination of the kinematics for the process (4.4) and the signal (remind section 2.1)
suggests that the amount of the remaining background events may be significantly reduced
if imposing the cut on the angle between two electrons from above and their energies from
below, see appendix A. To study this question, we have performed a toy MC simulation of
the process (4.4) and the events with HNLs in Mathematica. We have found that the cut

cos(θee) > −0.5, Ee+ > 2GeV, Ee− > 2GeV (4.5)

leaves no background events even before imposing the |d0| cut while keeping a large signal
selection efficiency independent of the lifetime of the HNL. Apart from this selection, the
background may also be reduced by requiring the electron-positron pair to form a good
vertex (e.g., a small distance of the closest approach between their tracks). It may suggest
that the |d0| cut can be relaxed to allow for probing short-lived HNLs, as the selection (4.5)
should also work properly for the other Z decays. A detailed simulation including the
detector response is required to examine this question further, which is left for future work.
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Selection cuts

ref. [52]
Only e+, e− in an event, /p > 10GeV

|d0| > 0.5mm

This work
Only l+, l− in an event, /p > 10GeV
cos(θll) > −0.5, El+ , El− > 2GeV
rdispl > 0.4mm, or rdispl > 0.1mm

Table 3. Summary of the selection cuts required to remove the background for different HNL decay
processes, as imposed in [52] and considered in this work. Here, d0 denotes the transverse impact
parameter of any of the two tracks, /p = |

∑
preconstructed| corresponds to the missing momentum in

an event, θab is the angle between the two particles a, b, and rdispl is the vertex displacement from
the collision point.

However, the cuts (4.5) are not efficient in the case of the 4-fermion production
processes (4.3). To examine this question, we have simulated the purely leptonic process

e+ + e− → e+ + e− + ν + ν̄ (4.6)

in MadGraph. The total cross section of this process requiring pT,l,ν > 0.1GeV has been
found at the level of σee→eeνν ≈ 1.7 pb, which results in NZ · σee→eeννσee→Z

≈ 2 · 108 of such
events during the Z-pole mode timeline. The e+, e− pair typically originates from the same
vertex and hence may be as collimated as the signal, while neutrinos carry away missing
momentum.

However, the 4-fermion process is prompt. Unlike the background coming from the
decays of Z, the produced e+, e− pair has zero displacement from the collision point. To
reduce this background to zero, one may additionally require non-zero displacement of the
vertex formed by the e+, e− pair. The exact cut depends on the spatial resolution of the
tracker. We will exploit two different choices for the displacement cut:

rdispl > 0.4 mm, or rdispl > 0.1 mm (4.7)

The cuts considered in [52] and the pre-selection we propose in this work are summarized
in table 3.

4.2 Sensitivity

4.2.1 Selection efficiencies

The signal efficiency for the selection criteria from table 3 for various HNL masses and
decay lengths, considering both the mixing and dipole couplings, is shown in figure 7.

Let us first consider the cuts set from [52]. We reproduce the values of the efficiencies
reported for particular masses and lifetimes of HNLs with the mixing coupling in table 3
of this paper. The figures show that the cuts’ impact depends significantly on the HNL
mass and lifetime. The efficiency, being ≈ 1 for ldecay � 0.5mm independently on the HNL
mass, starts dropping at ldecay ' 1 cm. For the given decay length, the decrease of ε is
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Figure 7. Selection efficiency for the process N → e+e−ν (for both the mixing and dipole couplings)
based on the cuts from table 3: the ones considered in [52] (the blue lines), and the ones discussed
in this work (the red lines), assuming the minimal displacement ldispl > 0.4mm. The left panel: as a
function of the HNL decay length lN,decay = cτNpN/mN for the fixed HNL mass mN = 30GeV. The
vertical dashed gray line denotes the minimal decay length of the HNL with the mixing coupling to
which FCC-ee may be sensitive if requiring only the displacement rdispl > 0.4mm (from [52]). The
right panel: as a function of the HNL mass for the fixed HNL decay length lN,decay = 0.5mm.

larger for smaller HNL masses. The reason is that the impact parameter (and hence the
efficiency) of the decay products is higher if they gain large pT relatively to the direction
of the HNL, and the magnitude of pT is controlled by the HNL mass. The efficiency for
the dipole coupling case has similar behavior. However, the impact of efficiency however
is less severe. Indeed, because of the kinematics of the decay process N → l+l−ν (remind
section 2.1), in the dipole case, the leptons typically gain smaller energies and than in the
mixing case. Due to this feature, their deflection relative to the HNL is larger, which results
in a larger IP on average.

For the cuts set proposed in this paper, the situation is different. The decrease at
small lifetimes is obviously less significant. As for the mN behavior, the efficiency slightly
drops once mass increases because of an increase of the mean angle between leptons with
mN . In particular, for heavy HNLs with mN ' mZ a sizable fraction of events may have
cos(θ) < −0.5. This effect is more significant for HNLs with mixing because of the process’s
kinematics. On the other hand, since leptons produced via the dipole coupling are less
energetic, the efficiency is lower at low HNL masses because of the El cut.

4.2.2 Number of events and sensitivity curves

Let us now estimate the sensitivity of FCC-ee to HNLs. We will consider the reference
Innovative Detector for Electron-positron Accelerators (IDEA), which is a cylinder having
the radius r = 4.5m and longitudinal size L = 11m [52]. The other reference detector, CLD,
has very similar specifications, and therefore the sensitivity would be completely similar.

The expected number of events with decays of HNLs at IDEA@FCC-ee is

Nevents = 2 ·NZ · BrZ→N+ν ×
∑
l=e,µ

BrN→l+l−ν × ε
(l)
sel, (4.8)

where εsel = εsel(mN , dα) is the fraction of events with HNLs decaying inside the decay
volume and that satisfy the selection cuts from table 3. In the limit when ldecay,N � O(1mm),
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Figure 8. The potential of FCC-ee to probe the parameter space of the HNLs with the dipole
coupling, see section 2.2.2. The solid and short-dashed dark blue lines show the 90% CL sensitivity
corresponding to the displaced decay signature, assuming the event selection considered in this paper
(see section 4.1 and table 3). The long-dashed lighter blue line denotes the sensitivity corresponding
to the γ+missing energy signature.

the displacement selection has unit efficiency, and εsel becomes decay length-independent:

εsel ≈
ε(mN )
π

π∫
0

dθ

(
exp

[
− lmin
ldecay,N

]
− exp

[
− lmax(θ)
ldecay,N

])
, (4.9)

where the integration is performed over all directions of the cylindrical decay volume
of IDEA.

The sensitivity of the FCC-ee to the HNLs with the dipole coupling is shown in figure 8,
where we also include the sensitivity of the missing energy search (remind section 2.2.2).
To fix the excluded parameter space, we assume dα = dµ. We stress however that the
sensitivity of the FCC-ee is flavor-universal since both the production and decay of the
HNL are flavor-agnostic.

From the figure, we conclude that depending on the displacement cut, with the displaced
decay searches FCC-ee may probe the HNLs with masses up to mN = 30GeV. The upper
bound of the sensitivity is caused by the HNL decay vertex displacement selection. The
shape of the lower bound is changing: below mN ' 3GeV it gets smoothly improved, while
at larger masses it becomes plateau. The reason is that at small masses, the HNL decay
length at the lower bound is lN,decay � 1m, and therefore the decay probability scales
as Pdecay ≈ lN,decay/lfid ∝ m−4

N , where the scaling comes from the behavior of the HNL
decay width (2.6) and the γ factor. At large masses, the HNL decay length becomes small
enough such that HNLs have a unit probability of decaying inside the detector. The lower
bound in this case is determined by the condition NN,prod × εsel > 2.3, which is almost
mass-independent in the mass range of interest.
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The missing energy search is complementary compared to the displaced decays. Namely,
it cannot probe as small couplings as probed by the displaced decay search because of
significant background. However, it may explore higher HNL masses, since there is no
displacement cut.

5 Conclusions

In this paper, we have analyzed the potential of hadron and lepton colliders to probe the
parameter space of HNLs with the dipole coupling.

We have first discussed the phenomenology of HNLs — including their production,
decays, and possible signatures — at the LHC, FCC-hh, and FCC-ee (section 2.1). We have
also commented on how to distinguish decays of HNLs with mixing and dipole couplings.
Thanks to the different working modes of the lepton and hadron colliders, they complement
each other in exploring the parameter space of HNLs: the hadron colliders may probe the
coupling of HNLs to W bosons, while the lepton colliders are more efficient in probing
the coupling to Z bosons. In addition, because of the production channels of HNLs, from
decays of W,Z bosons, as well as due to the small distance from the production point to the
decay volume, the colliders may probe the parameter space in the mass range inaccessible
to neutrino factories such as DUNE and FASER2.

Then, we have considered the hadron colliders (section 3), utilizing the search for
displaced vertices with dileptons at CMS as well as the missing energy searches at ATLAS.
We have derived the sensitivity of the LHC in the high luminosity phase and estimated
the potential of FCC-hh (figure 5). A detailed background study for the FCC-hh case is
required, which however goes beyond the scope of this paper.

Next, we have considered the lepton colliders, see section 4, concentrating on FCC-
ee. We have first made a simplified background analysis demonstrating that the HNL
decay signal can be promisingly distinguished from the background (section 4.1), where
we proposed new selection rules using kinematic properties. These findings will need to
be checked with full-scale simulation in the future. Depending on the model parameters
and given the ideal zero background, it may be possible to probe the HNL masses up to
mN ' 30GeV, see figure 8.

The final plot combining the sensitivities of lepton and hadron colliders is shown
in figure 9, where we marginalize over the couplings to Z,W assuming their maximal
possible values. From the figures, we conclude that FCC-ee may explore the HNL masses
up to mN ' 30GeV, while the exploration potential of the hadron colliders is limited by
mN ' 3GeV. This is due to the different background environments of these colliders:
FCC-ee is free from pileup events, and therefore background is much cleaner, which allows
for softer selection which keeps high efficiency for events with HNLs and simultaneously
efficiently reduces the yield of the pure SM events.
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Figure 9. Potential of colliders — FCC-ee, LHC in the high luminosity phase, and FCC-hh — to
explore the parameter space of HNLs with the dipole coupling. For the LHC, we report the 90% CL
sensitivity based on the search scheme and backgrounds from [41] (see section 3.2). For FCC-hh,
we assume the same search scheme as for the LHC and show the iso-contour corresponding to 50
events. For FCC-ee, we report the 90% CL sensitivity assuming that the background is absent (see
the corresponding discussion in section 4.1).

Acknowledgments

We thank Juliette Alimena, Suchita Kulkarni, and Rebeca Gonzalez Suarez for discussing
the background estimates at FCC-ee performed in [52], and Lesya Shchutska for discussing
the backgrounds at the LHC. This project has received support from the European Union’s
Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant
agreement No. 860881-HIDDeN. Jing-yu Zhu is grateful for the support from the China and
Germany Postdoctoral Exchange Program from the Office of China Postdoctoral Council
and the Helmholtz Centre under Grant No. 2020031 and by the National Natural Science
Foundation of China under Grant No. 11835005 and 11947227.

A Events selection at FCC-ee

Let us first analyze the kinematics of Z boson decays into two τ leptons at FCC-ee. Since
Zs are at rest, their decay products τ, τ̄ fly in exactly opposite directions and have the same
energy Eτ = Eτ̄ = mZ/2. The e+, e− pair without any other visible particle can originate
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Figure 10. The distribution of the e+e− pair in cosine of the angle between the e+, e− at
FCC-ee in the Z-pole operating mode. Three processes are considered: the background process
Z → τ τ̄ → e+e−ν̄eνeν̄τντ , and the HNL decays N → e+e−ν, assuming the dipole and the mixing
couplings (mixing with νe is considered), respectively. The detector reconstruction effects are
not included.

only from the two decays (the diagram (c) in figure 6)

τ → e− + ν̄e + ντ , τ̄ → e+ + νe + ν̄τ , (A.1)

where the distribution of e+, e− in the angle θee between their directions of motion is peaked
around θee = π. A small fraction of events with a small angle between the momenta of
e+, e− have the following pattern: one of the particles from the pair has very small energy,
Ee± � mZ/2.

The situation with the signal is different: the angle distribution between the e+, e−

originated from the HNL decay is peaked at θ = 0, and the situation remains the same even
for heavy HNLs mN ' mZ . Therefore, the background yield may be reduced without a
significant impact on the signal if one requires a cut on cos(θee) and Ee+ , Ee− from below.

To estimate the effect of such a cut on the background and signal, we have simulated
' 5 · 109 decays Z → τ τ̄ → e+e−νeν̄eντ ν̄τ , which corresponds to the full statistics expected
during the full timeline of FCC-ee in the Z pole mode [52]. In the simulation, we included
neither finite detector reconstruction resolution3 nor the particle identification efficiency
ideally. Therefore, its predictions should be validated with full-scale simulations.

The distribution in cos(θee) for the e+e− pair from the background and the decays
N → e+e−ν, considering both the models of the dipole portal and the minimal HNL
model, is shown in figure 10. With the simulated sample, we have reproduced the selection
efficiencies reported in table 2 of [52] for the process Z → ττ → ee. Next, we found that
the cut

cos(θee) > −0.5, Ee+ > 2GeV, Ee− > 2GeV (A.2)

3Nevertheless, as is demonstrated in [52], FCC-ee has perfect reconstruction capabilities of both the
lepton energies and momentum (and hence cos(θee)).
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reduces the number of backgrounds to zero even before imposing the d0 and /p cuts in the
simplified simulation mentioned above.

The same conclusion may hold for other decays Z → ff̄ → e+e−+ inv. The e+, e− pair
originates either from the single process f → · · · → e+e− + inv,4 such that f̄ → · · · → inv
(the diagram (b) in figure 6), or from the two independent processes f → · · · → e− + inv,
f̄ → · · · → e+ + inv (the diagram (c)). By inspecting the decay modes of possible products
of f in [55] and assuming a perfect detector efficiency in detecting charged particles and
neutral long-lived mesons such as K0

L (via deposition in HCAL), we have not found the
combination ff̄ which may lead to the diagram (b). Therefore, we conclude roughly that
this category of events may be a subject of the detector inefficiency only. The level of this
inefficiency is to be determined by the full-scale simulations.

Nevertheless, we believe that the combination of the presented cuts in addition to the
vertex criteria (such as the small distance of the closest approach between the tracks) would
allow reducing the background from Z boson SM decays to zero. Further, we will ideally
assume zero background from the processes of the type Z → ff̄ → Y Ȳ + inv, constituting
the background for various decay modes of the HNL N → Y Ȳ + ν. This may be especially
the case for the decays e.g. N → q + q̄ + ν, for which the background process, Z → q + q̄,
would have even more marginal kinematics. Note that a more detailed simulation checking
the selection rules we proposed in eq. (A.2) is strongly suggested to be performed, which is
beyond the reach of this work.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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