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We study the dominant signatures that arise in Higgs physics at colliders when extending the Standard
Model (SM) with a Yukawa interaction to heavy neutral leptons, while suppressing their mixing to active
neutrinos. We focus on the production of heavy neutral leptons from Higgs bosons that subsequently decay
via the Higgs to SM fermions to determine the experimental reach at the LHC detectors and far detectors
such as FASER and MATHUSLA. We also determine the impact of precision Higgs constraints on beyond-
SM parameters in this scenario.
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I. INTRODUCTION

The discovery of the Higgs boson in 2012 [1,2]
vindicated the Standard Model (SM) to an unprecedented
level of accuracy. The myriad of successes of the SM over
the years include, but are not limited to, the discovery of
gluons [3], the prediction of W�=Z0 bosons and their
masses [4], and the prediction of charm/top quarks [5–7].
These successes are, however, somewhat shadowed due to
a few shortcomings that persist till date, among which
neutrino mass, dark matter, matter-antimatter asymmetry,
and a few anomalies in the experimental observables are the
most vexing ones. There is a plethora of beyond-SM
scenarios that have been proposed to address these short-
comings. The way forward now is to meaningfully con-
strain these scenarios through precision Higgs-physics
observables, be it at the HL-LHC or future Higgs factories.
Following the confirmation of neutrino masses through

neutrino oscillation experiments, a natural question arises
regarding whether they are somehow linked to the Higgs
mechanism, which imparts mass to all other elementary
particles through the electroweak symmetry breaking. One
plausible extension of the SM to address this inquiry
involves the introduction of heavy neutral leptons
(HNLs). These sterile neutrinos, being singlets under the
SM gauge group, interact with the Higgs boson and active
SM neutrinos through Yukawa interactions. Moreover,
depending on the model, they can undergo mixing with

SM neutrinos following the electroweak phase transition,
once the Higgs acquires a vacuum expectation value (vev).
For detailed reviews, see Refs. [8,9]. Nonzero neutrino
masses can be realized through various types ofmechanisms,
popular among which include seesaw, scotogenic, etc.
[10–19]. Apart from the generation of neutrino masses,
these HNLs can also help in the dynamical generation of the
baryon asymmetry of the universe via leptogenesis [20–25]
and may even be a viable candidate for explaining the
observed dark-matter relic abundance [26–28]. Interestingly,
all three of these problems can be solved within the
framework of neutrino minimal SM by the introduction of
three HNLs [22,29].
However, instead of focusing on particular models, here

we follow a model-independent approach and study col-
lider experimental tests of HNLs. Many experimental
searches have focused on the high-mass regime, where
HNLs are produced directly or in some prompt decay
channels [30–36], with numerous dedicated analyzes, for
example, in Refs. [37–58].
Another possibility occurs in the parameter space where

HNLs can decay with a sizable displacement in LHC
detectors, featuring a displaced vertex that is a distinctive
signature of their existence [59]. Recently, several studies
have promoted the use of these types of dedicated LHC
searches for HNL with associated charged leptons [60–70],
from Higgs decays [71–77], or for LHCb [78]. There is also
a potential to search for such signatures at DUNE [79,80],
IceCube [81], future lepton colliders [82,83] and SHiP
[84,85], the latter expected to greatly improve the sensi-
tivity to HNL below the c-quark mass, with HNLs
abundantly produced by meson decays [86]. CMS and
ATLAS have already performed some of such analyzes
through various channels [87–91].
In the same spirit, several specific far detectors

have been proposed at the LHC, with the aim of
detecting long-lived particles, including FASER [92,93],
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MoEDAL-MAPP [94,95], MATHUSLA [96–98], ANUBIS
[99], CODEX-b [100], and FACET [101]. Among them,
FASER and MoEDAL-MAPP are already in operation, and
others are still in discussion. The particular scenario where
HNLs are long-lived particles has been extensively discussed
in the recent literature [102–111].
It is important to note that all analyses conducted so far

have focused on the search for HNLs through their mixing
with SM active neutrinos. However, the presence of
significant mixing and the production/decay of HNLs
via this mixing highly depends on the model and are not
always guaranteed. As discussed in the Appendix, there
could be scenarios where the Yukawa interactions dominate
and contribute solely to the HNL phenomenology.
Therefore, as an alternative to the conventional approach,
we propose a novel and complementary method that
exploits their Yukawa coupling to the SM Higgs boson.
We adopt a cautious stance and treat Yukawa couplings and
mixing angles as independent parameters to avoid assump-
tions. For simplicity and as an initial step, we assume that
all mixing angles are very small, focusing on the role of
trilinear Yukawa couplings. This approach could also
provide information on the Higgs mechanism and the
electroweak symmetry breaking.
The paper is structured as follows. In Sec. II, the model

and the setup of the analysis are presented. Then, in Sec. III,
the production and decay modes of HNLs through Higgs
interactions are described, together with the constraints
from precision Higgs measurements. Sections IV–VI are
devoted to the analysis of searches for HNLs that decay
promptly, produce a displaced vertex, or decay in far
detectors, respectively. Finally, we conclude in Sec. VII.

II. SETUP

In this work, we extend the SM by introducing n HNLs
denoted as Ñ, which could be Dirac or Majorana particles.
The relevant Yukawa interaction term is expressed as

yNα
¯̃NH̃†Lα, where H represents the SM Higgs doublet,

H̃ ≡ iσ2H� (with σ2 being the second Pauli spin matrix),
Lα are the SM lepton doublets for α ¼ e, μ, τ, and yNα are
the Yukawa couplings between the HNLs and the SM
leptons. We denote the mass of the HNL as mN , without
explicitly writing the mass term, as it differs slightly
depending on whether Ñ is a Dirac or Majorana particle.
Following electroweak symmetry breaking, the Higgs

field acquires a vacuum expectation value vh ≃ 246 GeV,
leading to Yukawa interactions generating Dirac masslike
terms ðMDÞNα ≡ yNαvh=

ffiffiffi
2

p
. Similar terms can also arise if

additional scalar fields are present in the model, which also
acquire vevs. The physical mass eigenstates for the three
SM neutrinos ν and the n HNLs are determined by
diagonalizing the full mass matrix specific to the model.
To fit neutrino oscillation data, at least n ≥ 2 HNLs are
required [112,113]. Looking to accommodate sub-eV

neutrino masses [114] imposes constraints on the parameter
space of the model. The diagonalization to the mass basis
could also cause mixings between HNLs and SM neutrinos.
If present, then the mixings result in HNLs inheriting
interactions with other SM particles, especially theW� and
Z bosons. For a type-I seesaw mechanism [10–16], the
mixing scales as yNαvh=mN . However, in inverse seesaw
and double-seesaw models [115,116], the mixing contri-
butions can be smaller due to the presence of an additional
mass scale. There are also cases where the mixing con-
tributions can be tuned to be precisely zero [117,118], as
explicitly discussed in the Appendix. Overall, it is impor-
tant to emphasize that, while there are well-motivated
models linking Yukawa couplings and mixing angles, these
relations should not be assumed to hold universally.
For an agnostic perspective, free from specific model

assumptions, we consider Yukawa couplings and mixing
angles as independent parameters. As a first step, we focus
on a single HNL and its production and decay through
interactions with the Higgs boson, assuming negligible
mixing with the SM neutrinos, resulting in minimal
coupling of HNLs to W and Z bosons.1

III. PRODUCTION AND DECAYS OF HNLS

In this work, we consider the production of HNLs
through the decay of the Higgs boson, which implies that
mN has to be in the GeV ballpark. Much heavier particles
could not be kinematically produced by Higgs decays;
lighter HNLs, below a few GeVs, are mainly produced by
meson decays [119].
For the following phenomenological analysis, we have

used a modified version of the FeynRules [120,121] model
HeavyN [40,44,49], with a single HNL and only Yukawa
couplings. Signal and background events are generated
using MadGraph5_aMC@NLO v2.9.16 [122,123] interfaced with
PYTHIA 8 [124] for parton showering and fragmentation.
The events are then passed through DELPHES 3.5 [125]
in order to implement detector effects and various
reconstruction algorithms.

A. Production of HNLs

Here we consider the production of HNLs through Higgs
decays. At the LHC, Higgs bosons are produced mainly
by the gluon-gluon fusion mechanism (ggF) mediated by
triangular loops of heavy quarks, with a cross section
σggF ≃ 54.8 pb at

ffiffiffi
s

p ¼ 14 TeV [126]. The second most
important channel corresponds to vector-boson fusion
(VBF), with a cross section σVBF ≃ 4.26 pb also at

ffiffiffi
s

p ¼
14 TeV [127]. Other channels such as the associated

1For example, with zero mixings at tree level, W → Nl can
still arise at one loop through a virtual Higgs, but is suppressed by
the loop factor and the square of the Yukawa of the lepton.
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production with massive gauge bosons or heavy-quark
pairs are further suppressed [128].
The partial decay width of the Higgs boson into a HNL

and an active neutrino is given by

Γðh → NνÞ ¼ y2

8π
mh

�
1 −

�
mN

mh

�
2
�
2

; ð3:1Þ

where mh ≃ 125 GeV is the Higgs mass. It is interesting to
note that the neutrino flavor να depends on the Yukawa yNα.
However, since the LHC is insensitive to this flavor, the
coupling y appearing in Eq. (3.1) must be understood as the
sum of all Yukawa couplings, that is, y2 ≡ y2Ne þ y2Nμ þ y2Nτ.
This new decay mode contributes to the total decay width of
the Higgs, which in the SM is Γh ≃ 4.1 MeV [129], and has
been measured at the LHC to be Γh ¼ 3.2þ2.4

−1.7 MeV [130].
HL-LHC is expected to improve this measurement to a
precision of 5.3% [131]. In the left panel of Fig. 1, the red
dashed dotted region labeledΓh shows the parameter space in
tension with measurements of the Higgs total decay width
and projections for HL-LHC.

B. Decays of HNLs

In the present scenario, HNLs can only decay to an active
neutrino and an off-shell Higgs that later decays to a
fermion-antifermion pair. Away from kinematical thresh-
olds, each individual partial decay width scales as

ΓðN → νff̄Þ ∝ y2
m2

fm
5
N

m6
h

; ð3:2Þ

where mf corresponds to the mass of the fermion f.
Furthermore, due to the mass hierarchy, the total decay
width is dominated by the contribution of s quarks
(1GeV<mN≲3GeV), c quarks (3GeV≲mN≲15GeV),

or b quarks (15 GeV≲mN < 125 GeV), with correspond-
ing branching fractions BrðN → νff̄Þ shown in the right
panel of Fig. 1. It is interesting to note that the branching
fractions depend only on mN (and not on y), as the flavor
of the active neutrino is not measurable at the LHC.
Furthermore, the lifetime of HNLs can span a wide range
and therefore can have prompt decays (cτ ≲ 1 mm), dis-
placed decays [Oð1Þ mm≲ cτ ≲Oð1Þ m], or even decays
outside of the ATLAS or CMS detectors [Oð1Þ m≲ cτ],
where cτ corresponds to the decay length. Additionally, if
cτ ∼Oð100Þ m, HNLs can decay in far detectors such as
FASER or MATHUSLA. The left panel of Fig. 1 shows
contours with thick black lines for cτ in the plane ½mN; y2�.
It is interesting to note that in our framework the Higgs

boson does not have any additional invisible decay mode.2

However, one can still have an effective contribution to its
invisible decay, if the HNL decays outside the detector. The
probability of aHNL to decay outside the detector is given by

P ¼ 1

N ev

XN ev

i¼1

ΘðdðiÞxy − LxyÞΘðdðiÞz − LzÞ ð3:3Þ

with Θ being the Heaviside step function,

dðiÞxy ¼ cτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpðiÞ

x Þ2 þ ðpðiÞ
y Þ2

q
mN

; ð3:4Þ

dðiÞz ¼ cτ
jpðiÞ

z j
mN

; ð3:5Þ

FIG. 1. Left: contours for the HNL decay lengths cτ ¼ 1 mm, 1 m, and 480 m. The red areas are in tension with the invisible decay of
the Higgs or its total decay width, whereas the red dotted and dashed dotted lines correspond to projected sensitivities at HL-LHC.
Right: branching ratios for the three-body decay of the HNL, summing over all neutrino flavors.

2In the SM, the main invisible decay mode of the Higgs
corresponds to h → ZZ� → 4ν, with a branching fraction ∼0.1%
[130]. The decay h → Nν with N → ννν can only occur through
the mediation of a Z boson, and therefore it is not present in our
scenario where the mixing angles are zero.
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are the transversal and the longitudinal decay lengths in the
laboratory frame, and ðpx; py; pzÞ the 3-momentum of
the HNL, for a large number of events N ev. Therefore,
the corresponding Higgs boson invisible decay branching
ratio Brðh → invÞ is given by

Brðh → invÞ ¼ PΓðh → NνÞ
Γðh → NνÞ þ Γh

; ð3:6Þ

and has being measured by the ATLAS collaboration to be
Brðh → invÞ < 10.7% [132] and the CMS collaboration
Brðh → invÞ < 15% [133] at 95% CL. Furthermore, future
measurements at theHL-LHCare expected to strengthen this
bound to Brðh → invÞ ≲ 1.9% [134]. The physical dimen-
sions of the ATLAS detector are about Lxy ≃ 11 m in radius
and 2Lz ≃ 44 m in length, up to the muon spectrometer
[135]. In the left panel of Fig. 1, the red dotted region labeled
Brðh → invÞ shows the parameter space in tension with
the constraint from the invisible decay of the Higgs and
projections for HL-LHC.

IV. PROMPT DECAYS

In this section, we first look at single Higgs bosons
produced through VBF in the quest for reducing the back-
ground by exploiting the characteristic features of its
two hard forward jets. We will use an integrated luminosity
L ¼ 3 ab−1 and a center-of-mass energy

ffiffiffi
s

p ¼ 14 TeV.
VBF has a very peculiar topology, with two leading jets

(j1 and j2) typically present in the forward region and
reside in opposite hemispheres of the detector. This results
in a large pseudorapidity separation Δηj1j2 and a large
invariant mass mj1j2 . The Higgs boson resulting from VBF
also tends to have a significant transverse momentum pT ,
which requires that the azimuthal separation between the
two leading jets Δϕj1j2 be small. This is in contrast to what
is expected for QCD multijet events and hence can be used
as a strategy to suppress such large backgrounds. The
Higgs particle then decays to a HNL and a SM neutrino,
given by Eq. (3.1). The HNL can then further decay to a
pair of bb̄ and an active SM neutrino mediated by an off-
shell Higgs. As shown in the right panel of Fig. 1, above the
bb̄ mass threshold, this channel has the highest branching
ratio. The main background that contributes to this process
is the SM VBF Higgs production itself, where the Higgs
decays subsequently to a bb̄ pair. The ggF process for
Higgs production, with the Higgs decaying to bb̄, is also an
important background to consider. Although the ggF event
topology is very different from that of VBF, there is a
nonvanishing probability of the two initial gluons radiating
off two hard forward jets that mimic the VBF topology. The
effect is enhanced by the fact that the production cross
section of ggF is one order of magnitude higher than that of
VBF. This non-negligible contribution also motivated in

our study the inclusion of the ggF production channel into
the signal events of the process we are interested in.
Among other backgrounds, the tt̄þ jets case is important

because of the automatic presence of two b jets along with
other light jets that could mimic the two forward jets in VBF.
The cross section is also quite large (990 pb at next-to-next
to LO [136]) compared to the VBF and ggF processes.
Additionally, bb̄þ jets with its huge cross section (∼105 pb
[137]) can also be relevant if the associated jets are in the
forward region.
Initial- and final-state radiation in VBF processes can

also result in additional jets. Specific requirements on
such jets also help to remove QCD multijet backgrounds,
including tt̄þ jets. One such metric used to examine
whether a subleading jet can be associated with having
been emitted from either of the two primary leading jets in
the context of a VBF process is the comparison between the
invariant mass of the subleading jet and one of the two
primary leading jets. This comparison is made with respect
to the invariant mass mj1j2 . Specifically, it checks whether
the invariant mass of the subleading jet ji (with i ≥ 3) and
that of one of the two leading jets is smaller compared to
mj1j2 , and is given by

mrel
ji
≡minðmj1ji ; mj2jiÞ

mj1j2

: ð4:1Þ

Small values of mrel
ji

indicate that the additional jet is
compatible with the final-state radiation.
Finally, the two b quarks arising from the HNL decay are

expected to carry an invariant mass closer to the actual
HNL mass. Although the entire HNL mass cannot be
resolved due to the presence of two different sources of
missing transverse energy ET (i.e., the two active neutrinos
in the final state), a cut on the invariant mass of the two b
quarks around the HNL mass still gives some handle to
reduce the SM VBF, ggF, and tt̄þ jets backgrounds. A cut
on the maximum ΔR of the two b jets helps to further
reduce the tt̄þ jets and SM-ggF background events, as
their associated b jets tend to have a larger separation.3 The
two upper plots of Fig. 2 show the distributions for the
invariant mass mb1b2 and the separation ΔRb1b2 of the two
b-tagged jets for the signal corresponding tomN ¼ 65 GeV
(thick black lines) and the four SM background processes
discussed (thin colored lines). As already discussed, the
two neutrinos in the final state result in a substantial amount
of missing energy, as shown in the lower plot of Fig. 2.
Taking cues from the behavior of the signal and back-

grounds, we employ the following selection criteria:
S1: We demand that the event contains no charged lepton
candidates nor photons.

3ΔR denotes the distance in the pseudorapidity-azimuth plane,
namely ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

.
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S2: We require at least two jets that are not b tagged and
at least two b-tagged jets.

S3: We want the two leading non-b jets to satisfy pTj1
>

60 GeV and pTj2
> 40 GeV. We also want the total

scalar sum of all non-b jets to be HT > 140 GeV.

S4: Among the observables derived from the two leading
non-b jets, we demand that they follow the VBF
topology by requiring them to be in opposite longi-
tudinal hemispheres (ηj1 × ηj2 < 0), to have a large
pseudorapidity separation (Δηj1j2 > 3.5) and a large

FIG. 2. Kinematic distributions for the invariant mass mb1b2 and the separation ΔRb1b2 of the two b-tagged jets, and the missing
transverse energy ET, for mN ¼ 65 GeV.

TABLE I. Cut flow of fraction of surviving events for mN ¼ 65 GeV.

Signal Backgrounds

Cut flow VBF ggF SM-VBF SM-ggF tt̄þ jets bb̄þ jets

S1 and S2 5.96 × 10−2 1.24 × 10−2 0.22 6.1 × 10−2 0.3 1.66 × 10−2

S3 3.43 × 10−2 5.92 × 10−3 0.12 2.2 × 10−2 0.24 4.29 × 10−3

S4 2.72 × 10−3 1.1 × 10−4 8.16 × 10−3 5.1 × 10−4 2.41 × 10−3 8 × 10−5

S5 1.56 × 10−3 8.0 × 10−5 4.48 × 10−3 3.4 × 10−4 1.3 × 10−4 10−5

S6 1.2 × 10−3 7 × 10−5 5.4 × 10−4 3 × 10−5 7 × 10−5 0
S7 8.8 × 10−4 3 × 10−5 2.2 × 10−4 2 × 10−5 0 0
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invariant mass (mj1j2 > 500 GeV). In addition, they
should not be back-to-back (Δϕj1j2 < 2.5).

S5: Any existing third or fourth non-b jet must have
mrel

ji
< 0.08.

S6: A cut on the missing transverse energy is helpful in
reducing the background arising from the decays of
SM Higgs to two b jets. We demand ET > 50 GeV.

S7: Finally, we demand a cut on the invariant mass of the
two leading b-tagged jets given by 0.2mN ≤ mbb̄ ≤
1.6mN . We also put a cut on the separation between the
two b-tagged jets given by ΔRbb̄ ≤ 2.5.

An example of the cut flow after the implementation of the
above cuts for mN ¼ 65 GeV is shown in Table I.
The discovery significance is given by

σ3 ¼
N Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N S þN B

p ; ð4:2Þ

where σ3 denotes the discovery significance at a luminosity
of L ¼ 3 ab−1, with N S and N B denoting the correspond-
ing number of signal and background events that fulfill all
previous cuts. Figure 3 shows, with a thick solid black line,
the sensitivity reach of searches for a prompt decay forffiffiffi
s

p ¼ 14 TeV with the above luminosity, in the plane
½mN; y2�. The parameter space above the line could be
probed at HL-LHC. In addition, the red areas are in tension
with measurements of the total decay width of the Higgs or
its branching ratio into invisible, whereas the dotted and
dashed dotted areas correspond to the projected sensitivity
at HL-LHC.

V. DISPLACED VERTICES

In this section, we focus on the case where HNLs decay
in the inner tracker of ATLAS or CMS, featuring a

displaced vertex. Here too, we stick to the case where
the Higgs is produced through VBF to trigger on the
characteristic two hard forward jets. However, as seen in
Sec. IV, ggF events can also have a non-negligible con-
tribution to the same topology requirements and hence have
been included in the analysis. For the events, we use the
following selection criteria:
(1) Same cuts S1, S3, and S4 for the VBF hard forward

jets, as described in Sec. IV.
(2) Two extra jets with a displacement of 1 mm ≤ dxy ≤

1 m and dz ≤ 300 mm.
In the first attempt, we assume that there is no background.
Therefore, we follow a Poisson distribution and highlight the
parameter space where there are more than 3.09 expected
signal events at 95% CL [130]. Figure 4 shows, with a thick
solid black line, the sensitivity reach of searches for a
displaced decay for

ffiffiffi
s

p ¼ 14 TeV and L ¼ 3 ab−1 in the
plane ½mN; y2�. The rectangular shape of the sensitivity reach
can be understood as follows. High values for mN and y2

cause prompt decays; in contrast, low values generate decays
outside the detector. Finally, very small values of the Yukawa
coupling cannot be explored due to lack of statistics; see
Eq. (3.2). In the figure, we also overlay in red the areas that
are in tension with current measurements of the total decay
width of the Higgs, or its branching ratio into invisible,
whereas the red dotted and dashed dotted areas correspond
to the projected sensitivity at HL-LHC. Yukawa couplings
as small as y2 ≃Oð10−8Þ could be probed for the mass
range 60 GeV≲mN ≲ 100 GeV.
The previously used background-free hypothesis could

be too optimistic, since background events could come
from misidentified displaced events due to detector reso-
lution effects or from random track crossings. To have a

FIG. 3. Sensitivity reach of searches for a prompt decay, forffiffiffi
s

p ¼ 14 TeV and L ¼ 3 ab−1. The red areas are in tension with
the invisible decay of the Higgs or its total decay width, whereas
the red dotted and dashed dotted areas correspond to the projected
sensitivity at HL-LHC.

FIG. 4. Sensitivity reach of searches for a displaced decay, forffiffiffi
s

p ¼ 14 TeV and L ¼ 3 ab−1. The thick line corresponds to the
assumption of zero background events, whereas for the thin line
65 events were assumed; see the text for further details. The red
areas are in tension with the invisible decay of the Higgs or its
total decay width, whereas the red dotted and dashed dotted areas
correspond to the projected sensitivity at HL-LHC.
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rough estimate of how much the inclusion of a background
could worsen the sensitivity, we follow the discussion in
Refs. [68–70,76], and assume the largest possible back-
ground that is in agreement with not having observed any
background event in the ATLAS analysis of Refs. [138,139].
Thismeans up to three background events forL ¼ 139 fb−1,
which can be scaled to 65 background events for a luminosity
of 3 ab−1. This pessimistic scenario is shown in Fig. 4 with a
thin black line. Thiswould imply that theHL-LHCcould still
provide new information on HNLs that display a displaced
vertex; in particular, Yukawa couplings of the order y2 ≃
Oð10−7Þ could be probed if 60 GeV≲mN ≲ 80 GeV.
However, again we stress that a complete background
analysis is needed to have more realistic LHC sensitivities.

VI. LONG-LIVED PARTICLES

Long-lived HNLs could be looked for in already
approved detectors at the LHC such as FASER [92] and
MoEDAL-MAPP1 [94]. They also have follow-up pro-
grams at the high-luminosity (HL) LHC: FASER-2 [93]
and MoEDAL-MAPP2 [95]. Other experimental proposals
include MATHUSLA [96–98], ANUBIS [99], CODEX-b
[100], and more recently, FACET [101]. All of these
detectors will be sensitive to particles that decay
Oð10Þ m to Oð500Þ m away from the interaction point
(IP). The large distance to the IP guarantees a very low
background environment, typically assumed to be negli-
gible. Therefore, only 3.09 events are required to define the
sensitivity of the experiment at 95% CL [130].
In this section, we will consider HNLs produced by

Higgs decays. The total single-Higgs boson inclusive cross
section is dominated by the ggF and VBF processes, which
is σ ≃ 59.1 pb at

ffiffiffi
s

p ¼ 14 TeV [126,127]. We will again
use a total integrated luminosity L ¼ 3 ab−1, and focus on
two detectors: FASER and MATHUSLA.

The FASER detector is located at L ¼ 480 m down-
stream of the proton-proton IP used by the ATLAS
experiment [92,93]. It is sensitive to new particles that
decay in a cylindrical volume with radius R ¼ 10 cm and
length Δ ¼ 1.5 m. In its first phase, it will operate with
integrated luminosity L ¼ 150 fb−1. However, a second
phase (FASER-2) is expected to operate with Δ ¼ 10 m,
R ¼ 1 m, and L ¼ 3 ab−1, at the HL-LHC. Here, we will
focus on this second phase.
Given the geometry of FASER, the probability P of a

HNL decaying inside the detector is4

P ¼ ½e−ðL−ΔÞ=d − e−L=d�Θ ½R − L tan θ�; ð6:1Þ

where d is the decay length in the laboratory frame of the
HNL, and θ the angle between the momentum and the
beam line. This decay length takes into account the Lorentz
boost factor

d ¼ cτβγ ¼ cτ
jp⃗j
mN

: ð6:2Þ

The left panel of Fig. 5 shows, with a thick solid black
line, the sensitivity reach of FASER-2 to HNLs in the plane
½mN; y2�. For completeness, the partial contributions of the
different channels are also shown with thin lines. As
expected, FASER is sensitive to masses smaller than in
the cases of prompt decays and displaced vertices because a
much longer decay length is required. Additionally, the red
areas in the figure are in tension with measurements of the
total decay width of the Higgs or its branching ratio into
invisible, whereas the red dotted and dashed dotted areas

FIG. 5. The sensitivity reaches of FASER (left) and MATHUSLA (right) are represented by solid black lines, for
ffiffiffi
s

p ¼ 14 TeV and
L ¼ 3 ab−1. The partial contributions of the different channels are shown with thin lines. The red areas are in tension with the invisible
decay of the Higgs or its total decay width, whereas the red dotted and dashed dotted areas correspond to the projected sensitivity
at HL-LHC.

4We note that a code for estimating the sensitivities of long-
lived particles in different detectors has recently been released
[140]; here, however, we use our own implementation.
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correspond to the projected sensitivity at HL-LHC. It is
interesting to note that the experiment will be sensitive to
unconstrained regions of the parameter space correspond-
ing to masses between ∼3 and ∼30 GeV and couplings as
low as y2 ≃Oð10−8Þ.
MATHUSLA [98] is a box-shaped 100 m× 100 m×

25 m far detector for the CMS interaction point. Taking the
CMS IP to be located at x ¼ y ¼ z ¼ 0, its front and depth
are parallel to the beam axis, at distances zmin ¼ 68 m and
zmax ¼ 168 m. Its base and cover are located at ymin ¼
60 m and ymax ¼ 85 m, above the beam. The boundaries
on the left and right sides are slightly offset, xmin ¼
−42.41 m and xmax ¼ 57.59 m. The right panel of
Fig. 5 compares to the left panel, but for the case of
MATHUSLA. We note that the sensitivity reach for both
experiments is comparable, although MATHUSLA could
probe a slightly larger parameter space and smaller Yukawa
couplings y2 ≃Oð10−9Þ.

VII. CONCLUSIONS

The introduction of HNLs is a natural and minimal
extension of the SM that can play a fundamental role in the
solution of long-standing problems such as the generation
of neutrino masses, the baryon asymmetry of the Universe
and the dark matter. Many experimental searches have
been conducted with the aim of discovering HNLs, mainly,
if not exclusively, through its potential mixing with active
SM neutrinos.
Alternatively, here, we have focused on a novel and

complementary approach, exploiting the Yukawa interac-
tion between HNLs and the SM Higgs boson. Even if a
relation can be expected between the mixing and the
Yukawa couplings, it is model dependent and therefore
cannot be taken for granted. With this in mind, in this first
study we have ignored potential large mixings and analyzed
the reach of HL-LHC to discover HNLs through their
Yukawa coupling to the SM Higgs.
In this scenario, HNLs are produced by the decay of

Higgs bosons. Depending on its mass and Yukawa cou-
pling, HNLs can decay promptly inside ATLAS or CMS
detectors, feature a displaced vertex in the tracker, or even
decay far away from the interaction point in far detectors
such as FASER or MATHUSLA. The sensitivity reach of
each of these options is presented in Figs. 3–5, respectively.
To facilitate comparison, Fig. 6 summarizes in blue
the combined sensitivity reach for

ffiffiffi
s

p ¼ 14 TeV and
L ¼ 3 ab−1. Note that the red areas are in tension with
current measurements of the total decay width of the Higgs
boson or its branching ratio into invisible. In Fig. 6, we also
present the projected sensitivity obtained from the invisible
decay of the Higgs boson and the future measurement of
the total decay width of the Higgs boson at HL-LHC [131].
HL-LHC combined with future Higgs factories have the
potential to reach precision up to 1% for the branching
corresponding to invisible decay of the Higgs boson and up

to 1.1% for the total width of the Higgs boson [131], which
roughly translates to a value of y2 ∼ 9 × 10−6.
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APPENDIX

The decoupling between the Yukawa coupling between
SM neutrinos and HNL can be achieved if we allow the
HNLs to be Dirac particles (νL, νR) and prevent tree-level
Dirac mass terms by introducing additional symmetries.
By incorporating a heavy Dirac HNL (NL, NR) and
new complex scalar singlets with specific charges under
the new symmetries such that only NR couples to the light
neutrino (νL) via the SM Higgs and NL couples to νR via a
new complex scalar singlet, we achieve two distinct Dirac
masses in the neutrino-mass matrix. References [117,118]
achieve this by extending the SM gauge group with a
Z4 ⊗ Z2 and a Uð1ÞB−L, respectively. The part of the
Lagrangian for one generation of neutrinos that holds
relevance in the current context can be written as

L ⊃ yL̄LH̃NR þ gN̄LχνR þMN̄LNR; ðA1Þ

with hHi ¼ ð0; vh=
ffiffiffi
2

p ÞT , hχi ¼ vχ and H̃ ¼ iτ2H�, with τ2
the second Pauli matrix and vh ≃ 246 GeV. After the
Higgs (H) and the new scalar (χ) get a vev, the ensuing
mass matrix can be written as

M ¼
�

0 m1

m2 M

�
; ðA2Þ

FIG. 6. The combined sensitivity reach for searches of prompt
decays, displaced vertices in the tracker and decays in far
detectors (FASER and MATHUSLA), for

ffiffiffi
s

p ¼ 14 TeV and
L ¼ 3 ab−1, is represented in blue. The red areas are in tension
with the invisible decay of the Higgs or its total decay width,
whereas the red dotted and dashed dotted areas correspond to the
projected sensitivity at HL-LHC.
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where m1 ≡ yvh=
ffiffiffi
2

p
and m2 ≡ gvχ . The mass matrix can be diagonalized through MD ¼ P−1MP, where

P ¼

0
BB@

2m1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

1
þðM−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ4m1m2

p
Þ2

p 2m1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

1
þðMþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ4m1m2

p
Þ2

p
ðM−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ4m1m2

p
Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4m2
1
þðM−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ4m1m2

p
Þ2

p ðMþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ4m1m2

p
Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4m2
1
þðMþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2þ4m1m2

p
Þ2

p
1
CCA ðA3Þ

and the diagonal matrix with the two eigenvalues denoted by

MD ¼

0
B@ 1

2
½M −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ 4m1m2

p
� 0

0 1
2
½M þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ 4m1m2

p
�

1
CA: ðA4Þ

The flavor states and mass states are related through

�
ν̄L

N̄L

�
¼ ðP−1ÞT

�
ν̄mL
N̄m

L

�
;

�
νR

NR

�
¼ P

�
νmR
Nm

R

�
; ðA5Þ

where ðν̄mL N̄m
L ÞT and ðνmR Nm

R ÞT are the mass eigenstates. In the limit of m2 becoming negligible, these relations become

�
ν̄L

N̄L

�
¼
 

ν̄mLffiffiffiffiffiffiffiffiffiffiffiffi
m2

1
þM2

p
M N̄m

L − m1

M ν̄mL

!
;

�
νR

NR

�
¼

0
B@ νmR þ m1ffiffiffiffiffiffiffiffiffiffiffiffi

m2
1
þM2

p Nm
R

Mffiffiffiffiffiffiffiffiffiffiffiffi
m2

1
þM2

p Nm
R

1
CA: ðA6Þ

In this limit, νL and NR, which provide the Yukawa term with the Higgs, are pure states and hence do not have any mixing
term. However, mixings appear for nonvanishing m2. In the limit m2 ≪ M, one has

�
ν̄L

N̄L

�
¼

0
B@
h
1 − m1m2

M2

i
ν̄mL þ m2

ffiffiffiffiffiffiffiffiffiffiffiffi
m2

1
þM2

p
M2 N̄m

L

− m1

M ν̄mL þ
ffiffiffiffiffiffiffiffiffiffiffiffi
m2

1
þM2

p
M N̄m

L

1
CA;

�
νR

NR

�
¼

0
B@
h
1 − m2

2

2M2

i
νmR þ m1ffiffiffiffiffiffiffiffiffiffiffiffi

m2
1
þM2

p Nm
R

− m2

M νmR þ Mffiffiffiffiffiffiffiffiffiffiffiffi
m2

1
þM2

p Nm
R

1
CA: ðA7Þ

The charged and neutral current interactions of the SM gauge bosons with the light neutrinos (νL) become

LνL
cc ∼ −

g

2
ffiffiffi
2

p
��

1 −
m1m2

M2

�
½ðν̄mL γμlLÞW†

μ� þm2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þM2
p

M2
½ðN̄m

L γ
μlLÞW†

μ� þ H:c:

�
; ðA8Þ

LνL
nc ∼ −

e
2 sin θW cos θW

��
1 −

2m1m2

M2

�
½ðν̄mL γμνmL ÞZμ�

þ 2m2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þM2
p
M2

½ðν̄mL γμNm
L ÞZμ� þ

m2
2ðm2

1 þM2Þ
M4

½ðN̄m
L γ

μNm
L ÞZμ�

�
: ðA9Þ

Similarly, the Yukawa term with the physical SM Higgs boson (h) can now be written as

LνL
Yuk ∼

yffiffiffi
2

p
��

1 −
m1m2

M2

��
Mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
1 þM2

p �
½ν̄mLNm

Rh� −
�
m2

M

�
½ν̄mLνmRh�

−
�
m2

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þM2
p

M3

�
½N̄m

Lν
m
Rh� þ

�
m2

M

�
½N̄m

LN
m
Rh�
�
: ðA10Þ
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It is clear from Eqs. (A8)–(A10) that the production and
decay of Nm

R is only possible through the Yukawa inter-
action with h and νmL at tree level, while the SM gauge-
boson interactions through mixing do not play a role in it
(or in other words, the mixing is precisely zero). For small

m2 values, only the first term of Eq. (A10) will contribute to
the phenomenology related to NR. In contrast, NL couples
to the gauge bosons through mixing and can have poten-
tially higher production and decay rates compared to the
Yukawa interactions.
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