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~1TeV. At the muon collider, these VBF-like topologies enable production even when the
dipole couples to non-muonic flavors, offering a unique and sensitive probe for different flavor
scenarios. We derive sensitivity projections for various theoretical benchmarks, reaching
dipole couplings down to d, ~ 6 X 1077 GeV~! at FCC-hh and dy ~ 2 X 1077 GeV~! at
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1 Introduction

The observation of neutrino oscillations provides unambiguous evidence that neutrinos are
massive, implying the existence of physics beyond the Standard Model (SM). A minimal
extension involves the addition of gauge-singlet right-handed neutrinos, often referred to
as sterile neutrinos (N), which can couple to the SM via Yukawa interactions with lepton
doublets and the Higgs field. These interactions, together with Majorana mass terms for
the sterile states, can generate active neutrino masses through the seesaw mechanism [1-4].
Furthermore, sterile neutrinos may play a key role in explaining the baryon asymmetry of
the Universe through leptogenesis [5, 6].

In this framework, the sterile neutrinos acquire electroweak interactions suppressed by
the active-sterile mixing angle § ~ /m,, /my, which becomes small for sterile neutrino masses
above the electroweak scale. As a consequence, obtaining evidence for the existence of sterile
neutrinos based on mixing-induced interactions is challenging in this mass regime. However,
if additional interactions are present, sterile neutrinos may remain experimentally accessible
even when the mixing is negligible.

Among the possible new interactions, the neutrino dipole portal offers an attractive
minimal and phenomenologically rich alternative. This portal connects active and sterile
neutrinos via effective operators involving the field-strength tensors of the SM electroweak
gauge symmetry. These interactions can dominate over the mixing-induced ones in scenarios
where the active-sterile mixing is strongly suppressed or vanishing [7]. In the electroweak
broken phase, such dipole operators generate magnetic-type couplings to the photon, Z,
and W bosons.

Previous studies have analyzed the phenomenology of the dipole portal in both low-energy
and high-energy regimes. For sterile neutrinos with sub-GeV masses, strong bounds arise



from astrophysical observations, beam-dump experiments, and rare-meson decays [7-9]. At
higher masses, collider-based searches become relevant. Several analyses have considered
sterile neutrino production and decay via the photon dipole interaction, both at the LHC and
at lepton colliders such as LEP [10] or future eTe™ facilities such as CEPC [11]. Projections
for LHC in its high luminosity phase (HL-LHC) have also been derived using searches for
long-lived particles with displaced tracks [10, 12-15] and prompt N — ~v decays [9].

It is essential to consider that a complete and consistent formulation of the dipole
portal at collider energies requires the use of dimension-6 operators invariant under the full
SU(2), x U(1)y SM gauge symmetry. After electroweak symmetry breaking, these operators
generate correlated dipole couplings to the v, Z, and W bosons. This structure implies
the existence of both neutral- and charged-current processes, and enhances the variety of
possible collider signatures. Notably, charged-current channels such as N — W/ can lead to
clean leptonic final states, and radiation of electroweak bosons from the initial state becomes
increasingly important at high energies. These features have recently been explored at a
future muon collider [16, 17].

In this work, we present a comprehensive and fully gauge-invariant analysis of the
neutrino-dipole portal at collider experiments, including not only the usual single-gauge-boson
effective interactions, but also genuine two-boson terms that arise from the SU(2),,-invariant
operator and are necessary for a correct treatment of neutrino-dipole portal processes at
high energy. We assume a sterile neutrino with negligible active-sterile mixing and dominant
dipole-mediated interactions.

The analysis covers different collider scenarios. We will start by exploring the reach of
the upcoming High-Luminosity LHC (HL-LHC) program, for which we will investigate the
range my 2 100 GeV, focusing in particular on the decays N — W1i. We will then consider
experiments at the energy frontier, in particular those supported by the recent European and
US strategies for particle physics: a future circular collider (FCC) [18, 19] and a futuristic
muon collider [20]. For the first time, we will investigate the sensitivity of the FCC-hh [21]
and reconsider the sensitivity of a muon collider, recently explored in [16, 17]. The latter have
shown that a muon collider would reach expected sensitivities of the order O(1077) GeV~!,
which would be the best ever achieved in the region my 2 1 TeV. The sensitivity of future
colliders to SM neutrino-dipole moments has instead been recently analyzed in [22].

A key focus of the present work is the role of electroweak boson radiation from the
initial state, which gives rise to sterile neutrino production via scattering or fusion of weak
bosons, which we concisely dub vector-boson-fusion (VBF'). Although VBF channels have
not been systematically analyzed in the context of the dipole portal (a recent study [23]
has shown their potential for the search for heavy Majorana neutrinos at muon colliders
in the presence of significant mixing with the SM), we demonstrate that they provide very
high sensitivity at high energies and large sterile neutrino masses. In particular, we present
the first dedicated analysis of these production modes at a muon collider, showing that they
allow sterile neutrinos to be efficiently produced even when the dipole operator couples to
flavors other than the muon.

The remainder of the paper is structured as follows. In section 2, we introduce the
theoretical framework, including the relevant gauge-invariant effective operators and their
low-energy projections. After discussing sterile neutrino decay modes 2.1, in section 3 we



present the collider analysis for hadronic machines: we will first discuss production channels
(section 3.1) and then we will evaluate the sensitivity reach at the HL-LHC (section 3.2) and
at the FCC-hh (section 3.3). Section 4 is devoted to muon collider analysis: we describe the
dominant production channels in section 4.1, and present search strategies and sensitivity
projections in VBF channels in section 4.2. Our conclusions are summarized in section 5.

2 Theoretical framework

In this study, we work under the hypothesis that neutrino-transition dipole moments constitute
the dominant active-sterile portal interactions. We therefore assume negligible mixing between
sterile and active neutrinos.

Dipole portal moments arise from the following 6-dimensional operators, which are
generated by some new physics above the EW scale and which must respect the full SU(2),, x
U(1)y gauge symmetry of the SM:

L D Ch0% + Ciy Oy + h.c. (2.1)
= C%Q/EiBWI:[OWN + C%;Vgiin‘fyTaﬁJ“”N +h.c.,

where i is a flavor index, ¢’ = ecosf,, and g = esinf,, are the U(1)y and SU(2),, gauge
couplings, 7* = ¢¢/2, with o the Pauli matrices, 201 = i[y#,+"], B}, and W), are the
gauge field strengths of U(1)y and SU(2),,, H = ic?H* is the conjugate Higgs field, L is the
lepton doublet and N the sterile neutrino, assumed to be of Majorana nature.

After spontaneous symmetry breaking of the Higgs, one obtains the following 5-dimensional

effective interactions:
LD dpo" NFy, + dyvj,o" N Zy, + dylyo"™ NW,,

. _, . ) 2.2
— dy2ig (0" N W, (s, Av + co, Zy) + diy\/2ig vt " N WJWJ +h.c., 22)

where F},, and Z,,, are, respectively, the photon and the Z boson field strengths, sq,, (cg,,)
shortly denotes the sin (cosine) of the Weinberg angle, and W, = d,W,” — 9,W, . Note
the presence of interaction terms between fermionic currents and two gauge bosons, which
arise from the operator Oyps. These terms have been typically neglected in the previous
literature [9, 16],! but play a crucial role in our study at the frontier of energy, since they
are responsible for a dominant contribution to N production through VBF.

The dipole couplings in the broken phase are matched to the Wilson coefficients in
the unbroken phase according to
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T thank Vedran Brdar for clarifying that these terms were correctly included in the calculations performed

in paper [17], even though they were not explicitly written in the initial version of their manuscript.



where v = 246 GeV.? It is clear that the dipole couplings are not independent but intercorre-
lated through the coefficients Cp and Cyy. The correlation leads to an involved phenomenology
that includes interference effects between various contributions. To properly examine the
processes induced by a neutrino-dipole portal, we will, therefore, select theoretical benchmarks.
In this study, we will specifically analyze the following:

2

(A) Cp=0 (B) CW:MCB%—CgﬁdW:dZ
ng—\/?

(C)  Cw=2tan?0,Cp~0.57Cp=dy =0 (D) Cw=0<dy=0

For simplicity, we will assume that Cp and Cy are real.? As will become clear in the
following sections, these scenarios cover a wide range of possibilities for sterile neutrino
phenomenology at colliders. The choice of these benchmarks is made by favoring a bottom-up
perspective over a top-down approach, orienting ourselves towards the choice that gives rise
to greater phenomenological differences. However, we stress that the study of ultraviolet
(UV) completions of these benchmarks become obviously necessary to probe the regions
of parameter space where the effective-field-theory (EFT) description loses validity, as we
will show in our work. We defer the analysis of specific UV completions to future studies.
For example, the analyzed benchmarks could be realized in leptoquark models, for suitable
spectra and EW representations of the leptoquarks [8].

2.1 Sterile neutrino decays

The dipole interactions in eq. (2.2) allow for different production channels for the sterile
neutrino at colliders, which will be examined in the next sections case by case depending
on the type of collider, and lead to the three dominant N decays, N — yv, N — WY/,
N — Zv, with the following rates:

3
_ na2MnN
FNHVi'y - dzy g
3 2 \2 2
. _gi2™mN (1 _ Mw My
Unoypizws = dW o ( m?\[) (1 + 2m%\7> (2.4)

3 2\ 2 2
—vrZ T 2 2 )
27 my 2my,

where we have neglected the lepton masses, since in our study we are interested in a regime
mpy > my. Dipole interactions with two gauge bosons (second line in eq. (2.2)) allow in
principle also 3-body N decays. However, the corresponding rates are phase-space suppressed
and negligible.

We show in figure 1 the N decay branching ratios (BRs) for the different benchmarks and

for a specific flavor 7. We can see that N — v is the dominant decay below the threshold
for decays into W/, my < myy, and for scenarios with smaller Cy’s. Above the W mass, the

2We find a discrepancy of a factor 1 /v/2 with the equation reported in version 1 of manuscript [17] for dw
(even taking into account the different definition of Cw ), while we agree with other previous literature [9, 16].

3In the more general case of complex coefficients, possible implications for CP violation are discussed for
example in [24].
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Figure 1. Decay branching ratios of the sterile neutrino, as function of its mass, for the four
benchmarks: (A) Cp =0, (B) dw = dz, (C) dz =0 and (D) dw = 0.

decay N — W+ has a zero BR, as expected, in the scenario (D) dw = 0 but it becomes
significant already in the scenario (C) dz = 0, while it is the dominant decay in the scenarios
with larger Cyy’s. It should be noted that the detection of this leptonic decay at colliders
would provide important additional information compared to the other decays into a boson
plus a neutrino. In fact, by identifying the flavor of the emitted lepton, it would be possible
to distinguish the specific flavor of the dipole operator responsible for the decay of N. For
simplicity, in our analyses we will consider a flavor-universal scenario with d¢ = d* = d".

3 Hadron colliders

In this section, we perform an analysis of the projected sensitivities on the dipole-portal
operator of future hadron colliders, the HL-LHC and the FCC-hh.

We rely on Monte Carlo simulations. Signal and background events are simulated with
MadGraph5 [25]. For the signal, the relevant interactions are implemented in MadGraphb
using Feynrules [26]. The events are then passed to Pythia8 [27] for showering. Jets are
clustered with Fastjet [28] using an anti-k; algorithm with cone size R = 0.5. To account
for main detector effects, a smear is also applied to the 4-momenta of the jets, following the
Delphes [29] default card. Moreover, when relevant, the missing transverse energy of each
event is computed by including a Gaussian resolution o(ERSS) = 0.49/%; EL., where S EL
is the scalar sum of the transverse energies of all the reconstructed objects.

Statistical significance is assessed according to ¢ = Ng/v/Ng+ Np, where Ng (Np)
represents the number of signal (background) events.
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Figure 2. Feynman diagrams for the N production via s-channels at hadron colliders. Left diagram:
pp — Nv induced by the vo*” NF},, or the vo" N Z,,,, dipole operator, whose amplitude is proportional
to the coupling d, or dz respectively. Right diagram: pp — N/ induced by the (Lo N W, dipole
operator and with amplitude proportional to dyy .

q

q

Figure 3. Representative Feynman diagrams for the production of N via VBF at hadron colliders.
Upper diagrams: VBF N production in association with a neutrino. Lower diagrams: VBF N
production in association with a lepton. The leftmost diagrams in the figure are generated by two-
bosons effective interactions induced by the expansion of the dipole operator Oy, (second line in
eq. (2.2)) and have amplitudes proportional to dy,. The other diagrams are controlled by single-
boson effective interactions induced by vpo*”NF,,,, vpo**NZ,, or o N W, and with amplitudes
proportional to d., dz or dy respectively.

3.1 Sterile neutrino production at hadron colliders

Sterile neutrino production at hadron colliders can occur through two main mechanisms.
The first category, as shown in figure 2, is production through s-channel exchange of neutral
gauge bosons v, Z, leading to processes pp — Nv, or via the charged boson W, leading to the
N associated production with a lepton, pp — N£. These processes are mediated by dipole
operators with single-boson effective interactions (first line in eq. (2.2)) and have amplitudes
proportional to the couplings d., dz and dy, respectively. The second category of processes,
which, as we will see, is particularly relevant at higher energies, consists of the production of
N by VBF, shown in figure 3. Both the production of N accompanied by a neutrino and
that accompanied by a lepton are possible. These VBF processes result from the interplay
of several different contributions, where the N production can be mediated by single-boson
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Figure 4. Cross section for the N production associated with a neutrino (left) and with a lepton,
either a muon or an electron (right) at the HL-LHC for the different theoretical scenarios (A)-(D).
Cross sections are shown for a reference value d, = 1076 GeV 1.

effective interactions, induced by the operators v,o"” NF),,, v,o""NZ,, or (ot N W, or
by two-bosons effective interactions induced by the operator Oy (second line in eq. (2.2)). It
is clear that to correctly evaluate N production via VBF, preserving gauge invariance, it is
necessary to include all possible contributions. In particular, the effective interactions with
two gauge bosons resulting from the expansion of the operator Oy cannot be neglected.

We remark some aspects of the N production at hadron colliders. N production can
occur for any flavor of the dipole operator. As already specified, in the following analysis
we will consider a universal flavor scenario. In the case of the N associated production with
a lepton, the flavor of this lepton will be the same as that of the operator. By tagging its
flavor it is therefore possible to extract information on the flavor of the dipole operator that
allows the production of N. For simplicity, we will focus on processes with only electrons
or muons, neglecting taus. Although, once the tau decays are properly analyzed, we expect
similar sensitivities for the tau-flavored dipole operator.

3.2 The high-luminosity LHC

We start by evaluating the future sensitivities on d,, of the HL-LHC. Conservatively, we
consider a collision energy of 13 TeV and a final collected integrated luminosity of 3 ab™!.
The main N production at the HL-LHC is through s channels. N production through VBF
would be possible in principle, but is subleading and negligible at the HL-LHC collision
energy. We show in figure 4 the cross section for the N production at the HL-LHC in the
different theoretical benchmarks.

Processes with subsequent decays N — ~v have already been analyzed in other studies [9,
17], which find sensitivities of the order of d, ~ 3 x 107> GeV~! in scenario (D) dy = 0. In
our analysis, we instead want to consider the decay N — W/ in the remaining scenarios with
dw # 0. As already highlighted, this channel has the advantage of allowing the detection of
the flavor related to the dipole operator responsible for the decay of N. We will consider
in particular the production by s-channel W exchange, which combined with the leptonic
decay of N leads to the following possible final states:

pp — NOE 5 WEITEE  WTei+pi+ (SSD) (3.1)

we will then focus on events with hadronically decaying W’s and with £ = e, u.
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Figure 5. Distributions normalized to unit area for the pp — W,T ¢*¢* neutrino dipole-portal signal
with different IV masses and for the SM background. Left plot: invariant mass of the system consisting
of the hadronically decaying W and the nearest (in AR) lepton. Right plot: transverse momentum
distribution of the pr-leading lepton.

Notice that if the flavor of the N production operator is different from the one in the N
decay (i # j), we will have two leptons with different flavors in the final state. Moreover,
the two leptons will be kinematically different and thus distinguishable. Also note that, due
to the Majorana nature of IV, half of the decays will occur in two leptons with the same
charge. Therefore, the process we will analyze could allow us to obtain multiple information:
the chance of detecting and distinguishing the flavors of possibly different dipole operators
responsible for the production and decay of N, the possibility of establishing the Majorana
nature of the heavy neutrino.

We then focus on the final state with same-sign dileptons W;" (*¢* (SSD), which enjoys
a rather low background, mainly given by Z,(v;)+jets and Zy(v;)V}, events (Vi = Wy, Zy,),
where the charge of one of the leptons from Z(v*) decays is misidentified.* Additional
background components are given by events with two gauge bosons decaying into leptons
accompanied by jets, Wfo(WfZg)—i—jets, and by the production of three gauge bosons, two
of which decay leptonically and the other hadronically, ng W}(ng Z¢)Vp,. We require exactly
two leptons with the same charge and at least two jets in the final state with transverse
momenta pp > 20GeV and emitted in the central region, |n| < 2.5. We also require a
minimal separation AR(¢,7) > 0.4 between the tagged jets and the leptons. For the signal,
the two leading-pp jets correctly reconstruct Wj. To reduce the background components
Zy(vy)+jets and WyW,(WyZg)+jets we apply the following condition on the invariant mass
of the two leading-pr jets: M;; € [60 GeV, 90 GeV]. To reduce background sources from
lepton charge misidentification, in particular Zy+jets, we apply a cut on the invariant mass
of the two leptons: M),z > 100GeV. After these acceptance criteria, the background
is overall at the level of 7.9fb.

We apply the following simple strategy to further reduce the background and identify
the signal. The lepton resulting from the decay of IV is for the vast majority of signal events
the one closest to W}, that is, the one with the smallest separation AR = /A¢? + An?

“We consider a misidentification rate of 0.1% [30].



my in GeV [150, 300) [300, 500) > 500
cuts in GeV | ppf™) > 50 , My, , > 100 | ppt) > 100 , My, » > 200 | pptM) > 150 , My, , > 400
Bckg cross sec. 5.7fb 0.65fb 0.097 tb

Table 1. Set of cuts applied in signal selection for the different range of N masses at the HL-LHC.
The background cross section after cuts is also reported.
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Figure 6. HL-LHC 2-0 sensitivities to the sterile neutrino dipole portal operator in the channel
pp — W, F0E6* for the different theoretical benchmarks (A)-(C). A flavor-universal scenario d5 =
df = d is assumed.

from Wj,. In this way we can distinguish the lepton emitted in the decay of N from the
one produced with it in association, and we can reconstruct quite well, as shown in figure 5,
the sterile neutrino, starting from the invariant mass of its decay products: the W) and
the lepton just identified, Myy, ,. Moreover, for the range of N masses we are considering,
the decay products are generally more energetic than for the background (figure 5). We
can then further attenuate the background by applying a cut in the transverse momentum
of the leading-pr lepton. We then apply, depending on the mass of N, the three sets of
cuts shown in table 1. We choose these cuts such that the signal with the lightest N, for
each set, has an efficiency of at least 80%.

After the final selection, we find the 20 sensitivities to the neutrino dipole portal operator
shown in figure 6. We recall that since we focused on electrons or muons in the final state in a
flavor-universal scenario, our analysis is equally sensitive to muonic and electronic flavors, dsht.
We can observe that the sensitivities in scenario (C) dz = 0 are similar to those estimated
in the literature for scenario (D) dy = 0, considering the decay channel N — ~v. In the
remaining benchmarks (B) dyw = dz and (A) Cp = 0 the sensitivities are significantly better,
up to one order of magnitude, reaching values d, ~ 3 x 1076 Gev—L.

3.3 The FCC-hh

We investigate now the sensitivity to the neutrino dipole portal of the future circular collider
FCC-hh, with a nominal collision energy of 100 TeV. We assume an integrated collected
luminosity of 30 ab™!, based on the expected machine performances [21].



(A) Cp=0 (B) dw=dy
10002 = pp—Nv — pp > Nvjj (VBF) 1000 = pp~> Nv. = pp - Nvjj (VBF)
g =+ pp->N¢ = pp > Ntjj (VBF) g * = pp-> Nf — pp - Nrjj (VBF)
o K =
= S
g g
5] 5

2 4 6 8 10

my (TeV) my (TeV)
(©)dz=0 (D) dyw=0
1000 ‘ ‘ 1000 ‘ :
1005 = pp>Nv. = pp - Nvjj (VBF) 1005 TP Ny
B : =+ pp—> Nt — pp > Nrjj (VBF) <) — pp - Nvjj (VBF)
_5 _E 10 ; — pp - N{jj (VBF)
8 5 .
2 2
2 4 6 8 10 2 4 6 8 10

my (TeV)

Figure 7. Cross section for the N production at the FCC-hh in the different theoretical benchmarks
and channels: associated production with a neutrino (blue curves) or with a lepton (red curves) via s
channels (dot-dashed curves) or through VBF (continuous curves). Cross sections are shown for a
reference value d., = 1076 GeV 1.

The scenario for sterile neutrino production changes significantly with the increasing of
energy from the HL-LHC case, and we expect, in particular, an enhancement of the VBF
production mechanisms. This is a general feature of future collider experiments at the energy
frontier such as FCC-hh or the muon collider, which has been already emphasized in the
literature (see for example [31-35]).

We show in figure 7 cross section values for the production of N in the different channels,
the associated production with a neutrino or with a lepton through s channels or VBF, and
for the theoretical benchmarks (A)-(D). We apply minimal requirements on the lepton in the
associated production ¢N: pp > 20 GeV, |n| < 2.5 and on the jets emitted in VBF processes:
pr > 20GeV, |n| < 5. We can observe that VBF becomes significant for my = 1TeV and is
the leading production mechanism for the heavier sterile neutrinos. VBF is more significant for
the theoretical scenarios with larger values of Cy. This is expected due to the dominant role
that the dipole operator Oy plays in VBF processes. For lighter N’s, s-channel production
is dominant, but the corresponding cross sections undergo a rapid decline as my increases.
Given these considerations, we will analyze s channels, and, for the heavier N’s, with masses
greater than 1TeV, we will also study the VBF processes.

s-channel

For the investigation in the s channels, in particular, we retrace the analysis performed
for the HL-LHC in the SSD channel pp — W}f%?FF. The main difference is a significant

,10,



my in GeV (150, 300) (300, 500) | [500, 1000) 1000
cuts in GeV (prf, My, ¢) | >50 , >100 | >100 , >200 | >150 , >400 | >200 , >900
Bckg cross sec. 78 b 13tb 2.21b 0.092 fb

Table 2. Set of cuts applied in signal selection in the s-channel WhifFE¥ for the different range of N
masses at the FCC-hh. The background cross section after cuts is also reported.

increase in the boost of the final products at FCC-hh. W} thus decays into a single fat-jet
for the vast majority (more than 80%) of signal events with my > 1TeV. For these heavier
N’s we therefore identify the W}, of the signal with the leading-pr jet in the final state and
we require its invariant mass to lie in the interval [60 GeV, 90 GeV].® For the signal with
mpy < 1TeV the W}, is reconstructed from the leading- and the second leading-pr jets. To
attenuate background sources from misidentified lepton charges, we also apply the condition
My, > 100GeV. The sterile neutrino can be efficiently reconstructed with the same
strategy outlined in the previous section for HL-LHC, by considering the W}, and the nearest
lepton. We also apply the same set of cuts for the lighter N’s. Note that this is a conservative
choice because, again due to the greater boost, the leading-pr lepton of the signal is more
energetic (generally 20% more) than in the case of HL-LHC and therefore even more stringent
cuts could be applied. The background, again dominantly given by Z;(y})+jets and Z,(v})V},
(Viy = Wh, Zp,) events with misidentified lepton charges and by Wein(ngZg)—i—jets and
ngW;:(WKiZZ)Vh, has a total cross section of 102 fb after acceptance requirements. The
total background cross section reduces as shown in table 2 after each set of cuts. Additionally,
for N heavier than 1TeV we will apply the cut: My, > 90% - mx.

In scenario (D) dw = 0 the SSD channel considered sofar is absent, but we can derive a
rough estimate of the FCC-hh sensitivity starting from the HL-LHC estimate made in the
literature considering the decay channel N — v [9, 17]. Based on a simple scaling of the
signal and the dominant background cross sections, and taking into account the different
integrated luminosities, we find sensitivities in the range of d, ~ 6 x 1075GeV~! for the
FCC-hh in the scenario dyy = 0 and my < 1TeV.

We will now outline signal selection strategies for VBF processes. Several VBF channels
can be analyzed. Depending on N production and decay modes, we can list the following
possible final states:

(1) (N = WEF)jj — WETjj+ E™s  (iv) (N = yv)vjj — vjj + B
(ii) (N — We)tj5 — Wetj5 (SSD+OSD) (v) (N = Zv)t*jj — Z1Fjj + E™iss
(il)) (N — w)lEjj — yFjj + E™ss (Vi) (N = Zv)vjj — Zjj + E™
where E™ denotes the missing energy associated with neutrinos. Note that channel (ii)

includes final states with dileptons of both opposite sign charges (OSD) and same sign (SSD).
The latter arise from the Majorana nature of N.

5This requirement strongly reduces in particular the Z,(v;)-+jets background component, for which the
leading-pr jet has generally an invariant mass lower than 60 GeV.
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Figure 8. Distributions normalized to unit area for the pp — W,ffxﬂi 77 VBF dipole-portal signal in
scenario (A) Cp = 0 with different N masses, and for the SM background. We plot the pseudorapidity
separation of the two VBF jets (left plot) and their invariant mass (right plot).

An intertwined analysis of all these final states would be particularly interesting to
extract multiple information and increase the sensitivity to the dipole portal operator. As
already highlighted, channels (ii) and (iii) where N is produced in association with a lepton
could allow, for example, the detection of the flavor of the dipole operator which induces
N production. For effectiveness and concreteness, we focus in this study on some of the
most interesting channels and defer a joint analysis to future investigations. Given the higher
decay BRs and the possibility of reconstructing the sterile neutrino from its visible decay
products, we will focus on channels (i) and (ii), with final hadronically decaying W’s, for the
theoretical scenarios (A) Cp = 0 and (B) dw = dz. In the analysis of channel (ii), we will
focus in particular on the SSD final state, which enjoys a lower SM background. Due to the
reduced or absent decay BRs in W/, for scenarios (C) dz = 0 and (D) dy = 0 we will instead
focus on the final state (iii), where the sterile neutrino decays into a neutrino plus a photon.

A common feature of these VBF channels, which we exploit to select the sterile neutrino
signal from the background, is the peculiar kinematics of the two final jets. As a characteristic
of VBF processes, these jets are emitted forward-backward at high rapidity and therefore
have a separation An generally much higher than for the background. The invariant mass of
the two jets tends to be higher as well. We show in figure 8 the distributions An(j, ;) and
M;; in the illustrative case of signal (ii) for the theoretical scenario (A) Cp = 0. Very similar
distributions are obtained for the other VBF channels and theoretical benchmarks.

In all the VBF channels we will analyze, we will apply the following cuts on the VBF jets:
’An(],]” >3, ij > 500 GeV (3.2)

Another common feature is the fact that at FCC-hh, as already underlined, W}, decays
into a single, central, high-py fat jet for the vast majority (more than 80%) of signal events
with my > 1TeV. The two jets emitted by VBF are instead softer (as well as generally
emitted at higher rapidity). In the following analyses, W}, will therefore be identified with
the leading-pr jet of the final state, and we will require that its invariant mass is in the range
60-90 GeV. Other selection strategies are discussed channel by channel.
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(i) Wi €Fjj 4 Emiss

We require exactly one lepton with pr > 20 GeV and |n| < 2.5 and at least three jets with pp >
20 GeV, |n| < 5 and separated from each other and from the lepton by AR(7,j), AR(j,¢) > 0.4.
The dominant background is given by Vj,W;+jets events, where the jets (at least two) are
produced by QCD, or by EW interactions. This latter category includes the EW production of
two gauge bosons, via VBF, and of three gauge bosons. An additional background component
arises from Wy+jets, with at least three QCD jets. The latter process has a cross section
of about 10* pb after minimal acceptance cuts, which is, however, strongly reduced to the
level of 10 pb, by imposing that the leading-pr jet has an invariant mass between 60 and
90 GeV, so as to mimic the W), of the signal. The cross sections, before selection, of the
remaining V;, Wy+jets backgrounds are about 130 pb for the events with QCD jets and about
4.4 pb for the component with EW jets. As a first step of signal selection, we apply the VBF
cuts in eq. (3.2). The total background cross section is then reduced to 23 pb, while more
than 80% of the signal events are retained. In the second step, the sterile neutrino can be
easily reconstructed, from the W} and the lepton, and we can exploit the characteristic of
the signal to emit energetic final states. We apply the cuts:

prl >200GeV, EXS >200GeV, prW, > 200GeV, My, > 95% - my

The signal efficiency to these cuts (after passing the VBF selection) is greater than 90% while
the background cross section is reduced to less than 61 fb.
(ii) WieFeFjj (SSD)
Given the low background, consisting of only reducible components, we analyze the SSD
channel. We focus on a final state consisting of exactly two leptons with the same charge,
and with pp > 20 GeV and |n| < 2.5, and of at least three jets with pr > 20GeV, |n| < 5,
and separated from each other and from the leptons by AR(j,j), AR(j,¢) > 0.4. The
leading-pr jet, which is the W}, of the signal, must have an invariant mass in the range
60-90 GeV. Dominant background processes include WZiWEth—i—jets, where the jets, at least
two, are produced by QCD or EW interactions and Zy(v;)+(> 3) jets or Z;(v})Va+(> 2)
jets events with misidentified lepton charges. The latter are strongly reduced by imposing the
condition on the invariant mass of the two leptons: M,),2) > 100 GeV. ng Wei + (> 3)jets is
attenuated to a negligible level by the leading-pr invariant mass condition. After acceptance
requirements, the background cross section is overall 50 fb. Similarly to the case of the SSD
signal in the s channel, the sterile neutrino can be efficiently reconstructed by considering the
W}, and the nearest (with the smaller AR separation) lepton. The corresponding invariant
mass distributions, Myy, ¢, are shown in figure 9 for the signal with different /N masses and
for the background. We plot signal distributions for scenario (A). Very similar distributions
are obtained in the theoretical benchmark (B).

In our analysis, we first apply the VBF cuts in eq. (3.2) and then refine the selection
by applying the following conditions on the leading-pr lepton and invariant mass of the
reconstructed N:

prtW > 200GeV, My, > 90% - my
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Figure 9. Distributions normalized to unit area for the pp — I/V,ftfiﬁ¥ 77 VBF dipole-portal signal in
scenario (A) Cp = 0 with different N masses, and for the SM background. We plot the invariant mass
of the system consisting of the W}, and the nearer lepton (left plot) and the transverse momentum of
the leading-pr lepton (right plot).

prl® distributions for signal and background are also shown in figure 9. Signal efficiencies for
this selection are above 75%, while the background cross section is reduced to less than 0.7 fb.
(iii) £E~jj + Emiss

For the theoretical scenarios (C) and (D), we focus on the VBF N production associated
with a lepton followed by the decays N — ~v. The final state we analyze consists of one
high energetic lepton, one high energetic photon, at least two jets, and large missing energy.
The acceptance requirements are: pp > 20 GeV for the transverse momenta of all the final
state particles, |n| < 2.5 for the lepton and photon, and |n| < 5 for the jets. Photon, lepton
and jets must be separated by AR > 0.4. The leading SM background is given by Wyy+jets
events, where the jets (at least two) are produced by QCD or EW interactions. The latter
include VBF W~ production. After acceptance requirements, the background cross section
is of 67 pb. As for the other VBF channels, we select our signal by first applying the VBF
cuts in eq. (3.2) and then we refine the analysis by exploiting the kinematic characteristics
of the signal (cf. figure 10). In particular, we apply the cuts:

prl > 200GeV, pry > 200GeV, EMS > 200GeV, Mp(N) > 90% - my

where M7 (N) denotes the transverse mass of the sterile neutrino, which is defined as

Mp(N) = \/2 B ppy (1 — Ag(Emis, ) /m).

Signal efficiencies to this selection are higher than 70%, while the background is reduced
to less than 15fb.

At the end of our analyses in the various channels we find the 20 sensitivities of FCC-hh
to the dipole operator d, shown in figure 11 for the different theoretical scenarios (A)-(D).
The projected sensitivities equally refer to a muonic or electronic flavor® (we recall that we

5Possible differences due to different identification efficiencies of muons or electrons are negligible for
our purposes.
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have assumed a universal flavor scenario). We show the sensitivities corresponding to each
of the channels analyzed. In the case of the s channel for the benchmark (D), the reported
sensitivity is the one extrapolated from the results of the recent literature [9, 17] considering
N — ~v decays. The shaded regions in the upper right are indicative of a parameter space
where the effective-field-theory description cannot be valid.

The EFT validity regime can be estimated in Naive-Dimensional-Analysis (NDA) by
considering the following power counting for the Wilson coefficients, which are generated
at loop level [7, 22]:

2
CB7W ~ g*

o 3.3
16m2m2’ (3:3)

where m, is a typical mass in the UV physics which generates the operators Oy and
g« denotes a typical coupling between the sterile neutrino and the UV fields. We can set
M, &~ My, using my to approximate the momentum transfer for the considered s-channel
and VBF processes. In a strongly-coupled regime, g, ~ 4w, we therefore fall outside the
EFT validity regime when the sterile neutrino mass is above the energy scale of the Wilson
coefficients, namely my 2 Cé,lW' Notice, however, that in a weakly-coupled theory,
g« S 1, the constraints would be tighter and the EFT validity would already be lost for
,/Cg}W /4m. In this scenario, the EFT would be invalid in most of the multi-TeV
parameter space that would be explored at the energy frontier. The attractive implication

my 2
is that the weakly-interacting regime would first emerge with the direct discovery at future
colliders of new states from the UV physics. The interesting investigation of this situation
is deferred to specific analyses in UV completed theories.

As figure 11 illustrates, the sensitivity of the s-channel pp — V[/hi£¢€jF is of the order
of 5x107% GeV~! in scenario (C) and improves to values slightly below 1x1075GeV~! in
benchmarks (A) and (B). For sterile neutrino masses greater than about 2 TeV, we can see how
VBF channels offer the best opportunities to probe d.. For scenarios (C) and (D), the study of
the channel pp — ¢*vjj + E™ allows testing dipole operators of the order of 4x1076 GeV~!
up to masses my of about 5 and 3.5 TeV, respectively. The VBF channel pp — W};—L€$€jF 77
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Figure 11. 20 sensitivities of FCC-hh to the dipole operator d. for the various theoretical benchmarks
considered and in the different analyzed channels.

presents the highest sensitivities, that reach d, of the order of 0-9x10~7 GeV~! up to masses
mp of about 6 TeV for scenarios (A) and (B). Finally, as already underlined, it should be
noted that the most efficient channels also offer the possibility of gaining information on the
flavor of the dipole operator, which would be obtained by tagging the leptonic flavor.

4 Muon collider

We reconsider the sensitivity of the muon collider to the dipole portal, highlighting the
importance of VBF heavy neutrino production channels that have been overlooked in recent
studies [16, 17].

The singular advantage of VBF channels is that they allow significant N production
at the muon collider even for flavors other than muonic. In addition, in the cases with
Cw # 0, we will show that it is necessary, in order to preserve EW gauge invariance and for a
correct evaluation of the N production processes, to include all effective interaction terms,
in particular those with two gauge bosons from the expansion of Oyy.

We will consider a muon collider with a collision energy /s =10 TeV and an integrated
luminosity of 10 ab™!, which is expected to be collected at the end of a ~5 year run [20].

4.1 Sterile neutrino production at a muon collider

The N production in a muon collider can proceed through several processes. The most
relevant ones can be classified into three categories: the 2-2 process pu™pu~ — Nv, 2-3
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processes induced by the exchange in the ¢-channel of a gauge boson W, Z or ~, and the
VBF production, which consists of 2-4 processes induced precisely by the exchange of two
gauge bosons in the t-channel.

In more detail, the 2-2 u™u~ — Nv production process, shown in figure 12, can receive a
contribution from the s-channel exchange of v or Z bosons, induced by the dipole operators
vo"'NZ,, or vo""NF),,, and a contribution from the ¢-channel exchange of a W, induced
by lrot’ N W,w. Note that while the s-channel production is flavor independent, the ¢-
channel production is only possible for the muon flavor. Generally, the contribution to the
t-channel cross section is dominant. We find that contribution from ¢-channel W exchange
is about two orders of magnitude larger than s-channel ones in scenarios (A) and (B), and
one order of magnitude in scenario (C). Obviously, the t-channel contribution is absent
for scenario (D) dw = 0.

The production in 2-3 processes is shown in figure 13. Production in both the neutral
channels ™ p~ — Nvv, NZv and the charged channel ptp~ — NWy is possible. Again,
N production is only possible for the muonic flavor. Note that, except for the case Cyyy = 0
(dw = 0), there are two main contributions to 2-3 processes, the one induced by single-boson
effective interactions (left diagrams in figure 13) and the one induced by effective interactions
with two gauge bosons, generated by the expansion of the operator Oy (right diagrams
in figure 13). Both of these contributions must be included for a correct gauge-invariant
treatment. In fact, if two-boson effective interaction diagrams are neglected, the evaluation
of 2-3 processes (with the exception of the benchmark (D) dy = 0) shows, as an effect
of the violation of the EW gauge invariance, an apparent but not consistent increase in
the respective cross sections.

Finally, N can be produced, similar to what was previously considered in hadron
colliders, via VBF. Such production is possible for any flavor, not just the muon. The 2-4
VBF processes, of which we show representative diagrams in figure 14, consist of both neutral
ptp~ — Nvw,w, and charged ptp~ — N{luv channels. Note that the latter also include
ptu~ — Nvutu~ events, generated from the scattering of two neutral bosons (last diagram
in figure 14).” VBF production at a muon collider depends on a delicate balance between
numerous contributions involving single- and double-boson effective vertices and different
dipole operators. Also in this case it is crucial to include all possible contributions in order
to correctly evaluate, in a gauge-invariant way, the processes.

We show in figure 15 cross sections for the N production in the different processes
and theoretical benchmarks. We consider hadronically decayed bosons in 2-3 processes
utp~ — NuWy,, NvZ,. We find that flavor-independent VBF production is relevant in all
theoretical scenarios considered and generally exhibits higher cross sections, as expected,
in scenarios with higher Cy values. The lepton-associated VBF production u*u~ — Nluv
is particularly notable, constituting the production channel with the highest cross section,
after p*pu~ — NWpypu, in scenarios (B), (C) and (D).

"This is an important difference with the case of VBF production at hadron colliders, where N production
accompanied by a lepton can only occur by WV fusion (V = Z,~), while VZ scattering contributes to the
lepton-free final state. For this reason, at the muon collider the “charged” VBF production is generally more
relevant than the “neutral” one.
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Figure 12. Feynman diagrams for the N production at a muon collider in 2-2 processes. Left diagram:
s-channel production induced by the vo#¥ NF},,, or the vo*” N Z,,, dipole operator, whose amplitudes
are proportional to the coupling d., or dz respectively. Right diagram: ¢-channel production induced
by the (0" N W, dipole operator and with amplitude proportional to dyy.

"

Figure 13. Leading Feynman diagrams for the IV production at a muon collider in 2-3 processes.
Upper diagrams: putpu~ — NWu. Lower diagrams: ptu~ — N~yv, NZv. The diagrams on the left
are generated by induced dipole effective interactions with a single boson (with couplings d., dz or
dw , depending on the specific boson). The diagrams on the right are induced by effective interactions
with two gauge bosons, emerging from the expansion of the dipole operator Oy, with amplitudes
proportional to dy.

The 2-2 process is, with the exception of scenario (D), one of those with the highest cross
section. The 20 sensitivity to the d»(y“ ) operator in this channel has been evaluated in [16, 17],
obtaining values in the range 1-2 x107% GeV~! in scenario (C) dz = 0. In scenarios (B),
(C), and (D), the 2-3 process putpu~ — NuWp, has the highest cross section. In scenario
(D), the 20 sensitivity to the dg“ ) operator in this channel evaluated in [16] is approximately
1x 1077 GeV~!. For the other theoretical benchmarks, however, the channel sensitivity should
be re-evaluated through a gauge-invariant treatment, which we defer to future studies. In
the present work, we instead want to focus on flavor-independent VBF channels. Depending

on the decays of N, we can distinguish the following final states:
(1) (N = WHF)vw,p, — WELT + pmiss (iv) (N = w)vw,p, — v+ E™s
(i) (N — Wluv — Wely + E™iss (v) (N = Zv)vy,p, — Z + E™s

(iil) (N — w)lFEuFv — T 4 pmiss (vi) (N — Zv)*FuFv — Z0F T + piss
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Once again, a braided analysis in all available channels would be ideal. For the sake
of concreteness, in the present study we will focus only on the most promising channels in
each of the theoretical scenarios considered. Taking into account the cross section trends and
branching ratios for the various benchmarks, we will analyze the channels (i) and (ii) for
scenarios (A) and (B). Note that channel (ii) offers an opportunity (similarly to what we
have already seen for hadronic colliders) to identify the flavor of the dipole operator involved
in both the production® and the decay of the sterile neutrino. Due to the higher BRs in
vyv for the benchmarks (C) and (D), we will consider channel (iii). For channels (i) and
(ii) involving a W, we will consider that it decays hadronically. As already highlighted in
several previous studies [16, 17, 36], this W is highly boosted and can therefore be easily
reconstructed as a single jet. For simplicity and similar to what was done in [16, 17], we
will not include in our simulations the decay with subsequent hadronization and showering
of the W, but we will take it into account by multiplying the signal and background yields
by a factor BR(W — jj) =~ 0.67.

4.2 Search strategies and sensitivity projections in VBF channels

We outline signal selection strategies for the most promising channels, deriving sensitivity
estimates of the muon collider to the sterile neutrino-dipole portal in the different benchmarks.

(i) WifeF 4 Emiss

We focus on a final state consisting of exactly one lepton plus a hadronically decayed W and
missing energy. This channel is particularly promising for the test of scenarios (A) Cp = 0 and
(B) dw = dz. After imposing the acceptance requirements on the lepton and W}, transverse
momenta and pseudo-rapidities: pr > 20 GeV, |n| < 2.5, we find a total SM background at the
level of 270fb, dominantly given by Wjuv, events and subdominantly by W} W, production.
The latter, which includes both electrons and muons from the leptonic decay of W, has a
cross section of about 4 fb. The signal is characterized by the hard emission of the lepton and
the W}, and by large missing energy. We also observe that the signal lepton is emitted more
centrally than in the background events. The sterile neutrino can be easily reconstructed by
combining the lepton and the Wj,. We thus apply the following signal selection cuts:

In(0)] < 2, prl > 200GeV, EFS > 200GeV, prW, > 200GeV, My, , € [0.8,1.2] - my,

which reduce the background cross section below ~5fb. We can refine the analysis for the
case N — eWp. If we restrict ourselves to the electronic flavor, the background is in fact
significantly lower (by approximately two orders of magnitude), receiving a contribution
mainly from the subdominant background component Wy (W — ev,). Applying the same
selection cuts as in the generic flavor case, we therefore find higher sensitivities.

(ii) WLl + Emiss

In order to more efficiently probe the theoretical benchmarks (A) Cp = 0 and (B) dw = dz,
we also focus on a final state consisting of a W}, two leptons (emitted in the central region

8Except where N is produced in g™~ — Nvpp~ channel from ZV scattering.
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Figure 16. Distributions normalized to unit area for the utpu~ — W00 + E™ VBF dipole-portal
signal (ii) in the benchmark (B) dw = dz (similar distributions are obtained in scenario (A)) with
different N masses, and for the SM background. Upper plots: leading-pr lepton (left) and W}, (right)
transverse momentum distributions. Lower plots: pseudo-rapidity distribution of the identified lepton
from N decay, I(V), (left) and invariant mass of the system consisting of I(N) and W}, (right plot).

In| <2.5 with a pp > 20GeV), a muon (with rapidity up to || <5 and pr > 20 GeV) and
missing energy (EF®S > 20GeV). The SM background, which includes W, W,V events, is
at the level of 40fb after acceptance requirements.

As shown in figure 16, signal (ii) is characterized by the presence of the two leptons
associated with the production and decay of N emitted at high pr, together with W}, and
generally in the central region of the detector. The sterile neutrino can be quite efficiently
reconstructed starting from Wj and identifying the lepton coming from its decay in the
following way: for the less massive cases, my < 5TeV, this lepton, which we denote with (),
is for the majority of signal events the one with the smallest separation AR from W},. For
cases my > 5TeV, IV) instead coincides for the majority of signal events with the leading-pr

lepton (). We therefore apply the following selection cuts:

(™M) < 2.5, pre® >200GeV, prW, >200GeV, My, o € [0.8,1.2] -my .
After these cuts, the background is reduced to less than ~1fb.
(iii) vLu + Emiss

We consider channel (iii) to better probe scenarios (C) and (D). In the final state, we require
a photon (with pr > 20 GeV and |n| <2.5), two leptons, one of which with muonic flavor
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Figure 17. Distributions normalized to unit area for the utu~ — vfu + E™ VBF dipole-portal
signal (iii) in the benchmark (D) dy = 0 (similar distributions are obtained in scenario (C)) with
different N masses, and for the SM background. We plot the photon transverse momentum (left) and
pseudorapidity (right) distributions.

(with pr > 20GeV and |n| <5) and a large missing energy (ER > 20 GeV). The leptons
must be separated from each other and from the photon by a distance AR > 0.4. The
dominant background consists of the SM production vfuvv, which includes contributions
from ’yW;W[ and vZ¢(Z — vi) events. After acceptance requirements, the background
cross section is about 40 fb. The main features of the neutrino dipole-portal signal are the
large missing energy and the very energetic photon, emitted much more centrally than the
background, as we show in figure 17. We select the signal by applying the following cuts:

()| < 1.5, pry>20%-my, EPFS>20%- my.

After these cuts, the background is reduced to less than ~4 fb.

Our analyses in the various channels predict the 20 sensitivities of the 10 TeV muon collider
to the d, dipole operator shown in figure 18 for the different theoretical benchmarks (A)-(D).
Note that the projected sensitivities refer equally to a muonic or electronic flavor (recall that
we assumed a flavor-universal scenario). Sensitivity to flavors other than muonic is gained by
taking advantage of the unique flavor-independent property of VBF production. Again, the
shaded regions indicate a parameter space where the effective field theory description loses its
validity. In scenario (A) Cp = 0, in particular from the analysis of channel (i), sensitivities
in the range ~2-5x1077 GeV~! are obtained for N up to about 5TeV. Channel (ii) is
especially efficient for probing scenario (B) dy = dz, reaching sensitivities of approximately
2.5-5 x1077 GeV~! for N up to ~7TeV. Scenarios (C) dz = 0 and (D) dy = 0 can be
efficiently tested in channel (iii), with sensitivities in the ranges ~5.5-9x107" GeV~! and
~4-6x1077 GeV ! respectively for masses of N up to ~9 and ~8TeV.

5 Results and outlook

In this work, we have explored novel strategies to probe a neutrino dipole portal at the energy
frontier, focusing on the sterile neutrino production and decay signatures across a variety of
future collider scenarios. We considered hadron colliders: the upcoming LHC high-luminosity
program and the FCC-hh, and a futuristic muon collider at 10 TeV.
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Figure 18. 20 sensitivities of the 10 TeV muon collider to the dipole operator d, for the various
theoretical benchmarks and in the different analyzed channels.

Our dedicated analysis for the High-Luminosity LHC demonstrated that in theoretical
scenarios where the neutrino dipole is significantly generated by the SU(2),, invariant operator
Oyw, sensitivity to the dipole portal can be significantly improved by considering sterile
neutrino decays in W/, leading to clean same-sign dilepton final states, in the case of
Majorana nature of the sterile neutrino. As shown in figure 6, 20 sensitivities to dipole
couplings down to dy ~ 3 x 107° GeV~! can be achieved, with flavor tagging offering
potential insight into the operator structure.

At high energies probed by colliders such as FCC-hh and a muon collider, sterile
neutrino production from gauge-boson scattering (VBF) becomes very significant and generally
dominant. For the correct gauge-invariant treatment of these (and other) processes,? it is
essential to include effective interactions with two gauge bosons, arising from the non-abelian
operator Q. VBF channels, for which we identified different analysis strategies, can explore
regions that are not accessible to other experiments so far.

At the FCC-hh, our results (figure 11) indicate that these channels, particularly the
VBF-induced same-sign dilepton and £¢vjj final states, yield improved sensitivities up to
dy ~6x 1077 GeV~! for masses as large as 6 TeV in benchmarks with larger Cy values.

90ther important processes which require the inclusion of all the terms arising from Oy for a correct
gauge-invariant treatment (unless in scenario dw = 0) are represented by the 2-3 scatterings at a muon collider.
In particular, the production channel u™p~ — NW pu shows a promising cross-section yield.
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Sensitivities are good anyway, d, ~ 4X 1075 GeV~! up to about my ~ 3.5 TeV, even in the
case where the dipole is instead completely generated by the hypercharge-invariant operator
Op. This extends the sensitivity frontier significantly beyond previous projections, which
focused primarily on s-channel production and photon decays.

Most remarkably, our study of the 10 TeV muon collider shows that VBF processes
provide access to sterile neutrino production even for non-muonic flavors — a critical point
overlooked in previous literature. The muon collider achieves the highest sensitivity among
all scenarios analyzed, reaching d, ~ 2 x 10~7 GeV~! for the benchmarks with larger Cyy
values and remaining at sensitivities of the order d, < 5x1077GeV~! for all the different
theoretical benchmarks considered, as depicted in figure 18.

In summary, our results highlight the necessity of a fully gauge-invariant treatment of
the neutrino dipole portal, including multi-boson operators, to accurately estimate sterile
neutrino production at future colliders. Our findings open new directions for the experimental
exploration of neutrino portals and demonstrate the significant potential of VBF channels
to uncover physics beyond the Standard Model in the neutrino sector.
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