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We study the potential to probe the origin of neutrino masses, by searching for long-lived right-handed
neutrinos (RHNs) N in the B — L model and in the RHN-extended Standard Model (SM) effective field
theory (EFT). Despite the small active-sterile mixing |V y|?, RHNs are produced abundantly via SM and
exotic Higgs production, as long as the Higgs mixing or EFT operator coefficient is sufficiently large. We
reinterpret a search for displaced showers in the CMS muon system and we find that it is sensitive to
parameter space at and below the seesaw floor, |V, y|> ~ 10712 (£ = ¢, 7) for my ~ 40 GeV. With existing
data constraining such well-motivated scenarios of neutrino mass generation, we determine the projected
sensitivity at the HL-LHC, motivating dedicated searches for long-lived RHNs with decay lengths ~10 m.
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I. INTRODUCTION

The Standard Model (SM) does not incorporate the
observed neutrino masses confirmed in neutrino oscilla-
tions [1-4], with the most popular explanation being the
seesaw mechanism [5] where heavy right-handed neutrinos
(RHNSs) are introduced. If RHN masses my are of electro-
weak (EW) scale, the active-sterile mixing strength V.
required to generate the neutrino mass m, is |V y|*>~
m,/my < 107! x (40 GeV/my). While the absolute light
neutrino mass scale has not been determined yet, the
KATRIN experiment limits the effective f decay mass to
my < 0.45 eV at 90% confidence level (CL) [6], whereas
solar neutrino oscillations point toward a smallest scale

m, >+/Am?;=9x107% eV [7]. This makes RHNs long-
lived and given the displaced signature, RHN's have received
increased attention in phenomenological studies [8—17], and
numerous collider searches have been carried out [18-30].
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While suggestive, the seesaw mechanism does not explain
the origin of RHN Majorana masses. This is addressed in
models where lepton number is broken spontaneously,
generating the RHN masses. This includes, for example,
the U(1),_; gauge model and extensions [31-34], models
based on left-right [35-37] and Pati-Salam [38] symmetry as
well as certain two-Higgs-doublet models [39]. Such scenar-
ios generically predict exotic gauge and scalar bosons that
mix with the corresponding SM states, enabling new portals
of RHN production. We here consider the B — L (baryon—
lepton number) model [31,32] as a prominent and minimal
example, where masses are generated through spontaneous
breaking of a U(1),_, gauge symmetry. The model predicts
three RHNs N, an exotic gauge boson Z' and a B — L-
breaking Higgs ®. The RHNs may also explain the baryon
asymmetry via leptogenesis [17,40—42] and the B — L model
can be conformally invariant, not only explaining why B — L
is broken near the TeV scale and inducing EW symmetry
breaking [43,44], but also predicting primordial black holes
as dark matter [45]. The low energy effects of this and similar
models, at SM scales and below, can also be described within
the RHN-extended extended SM effective field theory
(vgSMEFT) framework [46-50].

RHNSs in the B — L model not only interact with the SM
particles via the active-sterile neutrino mixing V ., but also
through the B — L gauge and Higgs portals. Thus, RHNs
can be produced via the SM Higgs, B — L Higgs, SM Z and
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B — L Z'. Ttis well known that enabling these portals allows
testing small active-sterile mixing strengths [47,51-73], as
the RHNGs still decay as N — v, h,v,Z*, ¢W*, controlled by
|Vn| (€ = e, u, 7). This leads to macroscopic proper decay
lengths (my < my z) [74],

10712\ (40 GeV\
L?Vm3mx<0 >(0Ge). (1)

|Vf’N|2 my

Long-lived particles (LLPs), such as RHNs, can be
searched for at Large Hadron Collider (LHC) detectors.
We here focus on a search for displaced showers in the
CMS muon end cap [75] for a scalar LLP S, pair-produced
via the Higgs, pp — h — S, and decaying to quarks or 7
leptons. It provides the most stringent limit for LLP proper
decay lengths 640 m and LLP masses 7-40 GeV. ATLAS
searched for hadronic LLP decays [76—78] but with weaker
limits. The CMS muon end cap search has been considered
in [79] for sterile neutrinos but we reinterpret itin the B — L
model and vxSMEFT, focusing on Higgs production where
we find that it is sensitive to the seesaw floor, i.e., for
active-sterile mixing required to generate light neutrino
masses. Our analysis shows for the first time that existing
data from the LHC probes the origin of neutrino masses in
well motivated scenarios.

II. RIGHT-HANDED NEUTRINO
PRODUCTION AND DECAY

The B — L model extends the SM by an Abelian gauge
symmetry U(1),_,. It is spontaneously broken by the
vacuum expectation value (VEV) of a SM-singlet Higgs ®,
resulting in a heavy Z' gauge boson and heavy Majorana
RHNSs. The relevant features of and constraints on the
B — L model are summarized in Appendix A. For sim-
plicity, we assume that a single RHN N is light enough to
be produced and that it mixes with a single lepton flavor £
at a time through V,y. We concentrate on £ = e, 7 due to
the search discussed in the following section: First, RHN
LLPs decaying to muons rarely produce a particle shower
required by the search and second, the search vetoes events
with muons too close to a jet [75]. We therefore expect no
sensitivity to muon flavor.

We first compare the four resonant RHN production
channels at the LHC, namely via the Z’', SM Z, SM-like
Higgs h and (B — L)-like Higgs ®. We omit production via
the SM charged and neutral currents as they are suppressed
by the small active-sterile mixing |V |- The RHNs instead
decay to SM particles via these currents with decay lengths
L% ~ 10 m at the seesaw floor, see Eq. (1). Produced from
electroweak-scale or heavier states, the RHNs are boosted,
increasing the observed decay length to Ly = fyLY, with
an average boost factor (fy) ~ 1-10. Such long decay
lengths are best probed in detectors far away from the
interaction point (IP), namely the muon system, forming

the outer layer of the CMS detector at a distance of
~8—13 m from the IP.

A. Gauge portal

With quarks and RHNs charged under B — L, RHNs are
produced at the LHC through the Z' gauge portal, pp —
7' — NN. As a benchmark, we use m, = 500 GeV and
the cross section at the 13 TeV LHC is o(pp —
7' - NN)~o(pp —» Z') xBr(Z' - NN), with a(pp —
7")~ 0.4 fb x (gg_;/1073)2. The branching ratio is
Br(Z' - NN) =~ 1/13 for my < my, leading to

4 ~ _9B-L :
o(pp — Z'(500) > NN) = 0.75 fb x (5 » 10_3> . (2
The most stringent limit from ATLAS resonance searches
[80] is gp_; <5 x 1073 for my = 500 GeV.

The SM Z can mix with the Z’, inducing the SM gauge
portal pp — Z — NN, controlled by the effective coupling
P = gp_r sin@,,. The SM cross section at the 13 TeV LHC
is o(pp = Z) ~ 5.8 x 107 fb [81], and the branching ratio
is Br(Z - NN) ~ 0.48 x fg* for my < my. This results in

o(pp - Z — NN) ~ 28 fb x (1'0‘;_3)2, (3)

consistent with atomic parity violation limits [82].

B. Higgs portal

The SM Higgs and the B — L Higgs also mix, through
the Higgs mixing parameter sina. RHNs can then be
produced via the SM Higgs, pp - h — NN, where we
only consider gluon-gluon fusion; while vector boson
fusion and associated Higgs production are also possible,
they contribute at most 10% to the overall cross section [83]
and the resulting final states are too soft to pass the missing
transverse energy requirement EF > 200 GeV, discussed
in Sec. III. The pp — h — NN production cross section is
o(pp = h— NN)=cos*axo(pp — h)gy X Br(h — NN)
[64,66]. Here, o(pp — h)gy = 44 £4 pb (50 £ 7 pb) is
the SM Higgs production cross section at the 13 TeV
(14 TeV) LHC via gluon-gluon fusion [83,84]. The
branching ratio can be approximated as [66]

tan’a m3, m,, 4m3\3/?
Br(h - NN) ~ N <1 - —N> ,
l6x (®)2ToM m2

with the SM Higgs width T3M ~ 4.1 MeV [85]. It is
suppressed by sina and the RHN Yukawa coupling with
the B — L Higgs @, yy = my/{®) = 2gg_pmy/my. The
cross section is maximized for my = m,/v/10 ~ 40 GeV,

o(pp - h— NN) < 7.8 fb x (%)%5;\/)2. (5)

093003-2



REVEALING THE ORIGIN OF NEUTRINO MASSES THROUGH ...

PHYS. REV. D 111, 093003 (2025)

Both the Higgs mixing sina and the B — L VEV (®) are
experimentally constrained through direct and indirect
Higgs probes and Z’ searches. In our analysis, we choose
(®) = 3.75 TeV, satisfying the current limit from EW
precision tests, (@) > 3.5 TeV [86,87].

Similarly, RHNs can be produced via ®. The SM quarks
and gluons couple to ® with a suppression as ¢(pp —
® — NN)=sinfaxo(pp — ®)gy x Br(® — NN), where
o(pp — ®)gy is the cross section treating @ as the SM
Higgs but with mass mg. @ decays to heavy SM fermions
and boson pairs via mixing to the SM Higgs, and RHN
pairs via the Yukawa coupling yy. For mg < 2myy, the
branching ratio is

['(® - NN)

Br(d -
H® = NN) = G e+ T(® = NN)|

(6)

where TV is the decay width treating ® as the SM Higgs
but with mass mg, and the partial width is I'(® — NN) =
cos’a/(16x)m3,me/(®@)? for my < mg [70]. This results
in the 13 TeV LHC cross section

o(pp — ®(150) — NN) < 100 fb x <5<2‘:>V)2, (7)

for me < 2my, = 150 GeV. For mg, 2 2my, 7 = 200 GeV,
the decays ® — WW, ZZ dominate,

o(pp — ®(200) — NN) <1 fb x (5;\7)2. (8)

The cross section decreases rapidly with larger mg and we
use mg = 150 GeV as benchmark.

I11. DISPLACED SHOWERS
IN THE CMS MUON SYSTEM

The overall rates above motivate a detailed simulation to
match the CMS end cap search. The model is implemented
in universal FeynRules output (UFO) [88], following [53,64].
The event generator MadGraph5aMC@NLO v3.4.1 [89] is then
used for a parton level simulation of the events with the
shower jets and matrix element jets matched [90,91].
Events are fed to Pythia v8.235 [92] for parton showering,
hadronization and heavy hadron decays. Clustering of
events is performed by Fastlet v3.2.1 [93] and detector effects
by Delphes v3.5.1 [94].

The CMS search [75], which uses the muon detector as a
sampling calorimeter, identifies LLP showers. The updated
search [95] might improve the detector efficiency but there
is no detailed reinterpretation information available yet.
There is also a similar search for vectorlike leptons [96].
We do not expect this to have a large impact as the triggers
are largely the same. LLP decays produce photons,
electrons, tau or quarks inside the muon detector creating

collimated hadronic and electromagnetic showers and
giving rise to a large number of hits in a small detector
region. These hits are identified by cathode strip chambers
(CSCs), which detect charged particles and they are
clustered (called CSC clusters) by identifying high-density
regions. As the search strategy relies on identification and
reconstruction of original information using CSC clusters,
to aid reinterpretation, CMS provides an updated card and
modules for Delphes [75,97,98]. We implement these to
determine the reconstruction efficiency and kinematic
information of the CSC cluster events, and apply the
selection criteria of the CMS search.

The missing transverse energy, defined as the negative
vector sum of visible pr energy deposited in the tracker and
calorimeter, is ET'® > 200 GeV, as trigger requirement. If
the signal contained only LLPs decaying beyond the
calorimeter, there is nothing to trigger on. We thus simulate
the signal up to two initial state jets, which are prompt and
deposit energy in the calorimeter.

No electron (muon) with transverse momentum pr >
35(25) GeV and pseudorapidity |n| < 2.5(2.4), to remove
W and top background.

At least one CSC cluster with |A¢| < 0.75 to ensure that
it originated from the LLP decay. Here, Agp(Xcsc, ) is
defined as the azimuthal angle between the missing trans-
verse momentum and the cluster location from the IP. The
LLP is then close to the missing momentum, which points
opposite to the vector sum of the visible pr.

Events with clusters too close to a jet (muon) are

removed, for AR = \/(An)?>+ (A¢)* < 0.4. The CSC
cluster is then not matched to jets (muons) with p; >
10(20) GeV and it is not created by LLPs inside the jet, e.g.
K, or muon bremsstrahlung.

The average time of detector hits in the CSC cluster,
relative to the collision is —5 ns < (Afcgc) < 12.5 ns, to
reject pileup clusters.

Due to Ef'* > 200 GeV, only a small number of events
passes the selection criteria, see Fig. 1. The rate drops
rapidly for larger 7%, especially for SM Z production, due
to the fact that missing transverse energy either originates
from initial state radiation, which is enhanced for Higgs
gluon-gluon fusion, or from heavier resonant particle
masses, as in the Z' and ® modes. Nevertheless, only
~1% of events satisfy the trigger requirement. In the SM Z
mode, only <0.1% pass the trigger and we thus expect no
appreciable sensitivity in this case.

To calculate the dominant gluon-gluon fusion Higgs
production, we use the effective gluon-gluon-Higgs cou-
pling at leading order [99]. We have checked that this is
accurate, giving a conservative determination; while the
transverse momentum of the Higgs can change when
including higher order corrections [100,101], by comparing
the leading order effective treatment with the next-to-
leading order fully resolved top quark mass-dependent
vertex model [102], the effective model leads to a softer
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FIG. 1. Missing transverse energy ErT“iss for pp > Z' - NN
(mzy =500 GeV, blue), Z (green), h (red), and ® (mg =
150 GeV, orange), with my =30 GeV and |V,y|> = 10712
The vertical lines indicate the thresholds ET** > 200 GeV and
>50 GeV in the CMS search and the soft trigger strategy,
respectively.

Higgs for pr <200 GeV, while the distributions are
comparable for 200 GeV < p; <400 GeV. For p; >
400 GeV, the effective model overestimates by more than
a factor of two. Nevertheless, as the cross section is much
smaller than for 200 GeV < py < 400 GeV, we consider
our calculation accurate for pr > 200 GeV.

Given that new, dedicated Level-1 and high level triggers
targeting our signature have been collecting data during
the LHC Run-3 [103], Ref. [79] argues that the requirement
on ETss can be relaxed to EISS > 50 GeV, resulting in an
improved signal rate, cf. Fig. 1, while the background can
still be controlled by requiring larger CSC clusters. We
refer to this option as the soft trigger strategy. The softened
EMss threshold means that we are more susceptible to
Higgs production corrections as we are probing softer
Higgs pr. Our results remain conservative as we under-
estimate the Higgs pr distribution by about a factor of two.

We simulate the displaced shower signature at the
13 TeV LHC with 137 fb~! integrated luminosity and
the 14 TeV HL-LHC with 3000 fb~!. The background
mainly comes from punch-through jets and muon brems-
strahlung, controlled by the above selection criteria and
determined from CMS data: The number of expected
background events is b = 2.0 £ 1.0 and the number of
observed events is N = 3, excluding signal events s > 6.1
at 95% CL [75]. Atthe HL-LHC, after taking into account a
20% (60%) signal loss due to pileup, and requiring more
hits to push the background to be negligible, s > 56(3.0) is

required at 95% CL with the CMS (soft) trigger strategy,
where we scale the number of background events according
to luminosity, b ~ 40(0.0) at the HL-LHC with the CMS
(soft) trigger [79].

IV. PROBING THE NEUTRINO MASS
GENERATION MECHANISM

Using the above strategy, we reinterpret the CMS search
[75] in the B — L model and the vx SMEFT, specifically to
probe the RHN mass my and the active-sterile mixing
|Vyy| for successful neutrino mass generation. In our
scenarios, with a single RHN N, a light neutrino acquires
the Majorana mass m, = |V, y|?my. As indicated in
the introduction, we take the range 9 x 1073 eV <
|Von|?my < 0.45 eV as a target to probe the seesaw floor.
We only consider active-sterile mixing to £ = e, 7 flavor as
mentioned.

A. Gauge portal

We start with the Z’ gauge portal pp - Z' — NN where
we use the benchmark values my = 500 GeV and
gp—. = 5 x 1073, No appreciable sensitivity is obtained
in this case using the CMS data with either the original
or the soft trigger strategy, since the requirement on ETiss
removes most of the signal. At the HL-LHC with 3000 fb~!,
our reinterpretation also only predicts a sensitivity for the
soft trigger strategy. If the B — L gauge coupling is larger
than gp_; 2 0.0035, RHNs can be probed in this case,
within the mass range 10 GeV < my < 80 GeV.

Prospects for the SM gauge portal pp - Z — NN are
similar. For a ZZ' mixing = 1073, no sensitivity at
95% CL is achieved using current data. It can only be
probed at the HL-LHC using the soft trigger strategy, for
my <40 GeV. While the total cross section for Z is
sizeable, Fig. 1 demonstrates that a large number of events
are removed due to small Ess,

B. Higgs portal

Prospects for the Higgs portals are much more promis-
ing. Reinterpreting the CMS search for pp - h — NN, we
find that existing CMS data constrains parameter space of
light neutrino mass generation in the B — L model. This is
shown in Fig. 2, where the red region labeled “CMS” is
excluded at 95% CL, for a Higgs mixing sina = 0.24 and
B — L VEV (®) = 3.75 TeV. As anticipated in Sec. II B,
the sensitivity is maximal for my ~ m,/v/10 =~ 40 GeV.
For a displaced search at distances O(1 m) in the CMS
muon system, this corresponds to the well-motivated see-
saw prediction |V y|> ~ 10712,

Figure 2 also shows the projected sensitivity at the
HL-LHC using the CMS (solid blue contour) and soft
trigger (solid red contour) strategies. This extends the
coverage over 10 GeV < my < 60 GeV. The HL-LHC will
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FIG. 2. Sensitivity of pp - h — NN at 95% CL on the RHN
mass my and the active-sterile mixing |V y|*> (£ = e, 7). The
scenarios are for reinterpreting CMS data (red region), as well as at
the 14 TeV HL-LHC with 3000 fb~! using the CMS (blue contour)
and soft (green contour) trigger strategies. The Higgs mixing is
sina = 0.24 (red region and solid contours) and 0.14 (dashed),
and the B — L Higgs VEV is (@) = 3.75 TeV. The region labeled
“current limits” is excluded by sterile neutrino searches (£ = e)
while the contours labeled SHiP, CMS and FCC-ee give the
projected sensitivity of planned experiments [12,104]. The band
labeled “seesaw” indicates 9 x 1073 eV < |V [>my < 0.45 eV.

improve the sensitivity to the Higgs mixing, to values
sina 2 0.14 [105,106]. Using this value, i.e., assuming the
HL-LHC will see no sign of the Higgs mixing with an
exotic state, the sensitivity decreases to the dashed contours
in Fig. 2. In the three scenarios considered, the smallest
sin a for which part of the seesaw region can be probed at
95% CL is sina > 0.17 (CMS reinterpretation), 0.1 (HL-
LHC with CMS trigger) and 0.017 (HL-LHC with soft
trigger).

Our result can also be interpreted in terms of the
VgSMEFT operator Oyy = (N°N)(H" - H). It is the
RHN-equivalent of the Weinberg operator, appearing at
the same mass dimension-5 and it leads to the vertex
(vCnp/Axp) NN, enabling the decay i — NN. Here, Anp
is the new physics scale in which the vzxSMEFT is
expanded and Cyy is the dimensionless Wilson coefficient
of Oy, see Appendix B for a brief summary of the
vpSMEFT. Matching the vertex factor with that in the B —
L model, vCyy/Anp = yy sina/2 = my sina/(2(D)), we
can recast the above sensitivities to the Oy operator scale.
As can be seen in Fig. 3, operator scales as high as
Anp/|Cyi| 2300 TeV are already being probed using
the CMS data. At the HL-LHC using the CMS and soft
trigger strategies, scales up to Axp/|Cyy| =~ 500 TeV and

-4
10 Current Limits |
1076
1078
a i
= 10-10
SR
10—12 i
10—14 ; ANp/lcNleloo TeV ;
[ BBN 3
-16 E n n n I n n n I n N N 1 N N L i
10726 20 40 60 80
my [GeV]
FIG.3. AsFig.2, but showing the sensitivity of the CMS search

to the scale Anp/|Cyy| of the vxgSMEFT operator Oyy.

2000 TeV can be tested, respectively. These are already
comparable to prospects at future lepton colliders [107].

As discussed in Sec. II B, the exotic Higgs channel
pp — ® — NN can have a large cross section and is nearly
unsuppressed by the Higgs mixing sina for my, <
me < 150 GeV. The current constraint and future sensi-
tivities are qualitatively similar but better than for SM
Higgs production. With the same parameters and scenarios
considered above and an exotic Higgs mass of mg =
150 GeV, the smallest Higgs mixing that still results in a
95% CL signal is sina = 0.07 (CMS reinterpretation), 0.02
(HL-LHC with CMS trigger) and 0.002 (HL-LHC with
soft trigger).

V. CONCLUSION

The origin of neutrino masses remains an open issue in
particle physics. Although the seesaw mechanism provides
an elegant solution, the RHNS it predicts are difficult to
probe at colliders due to the small active-sterile mixing
required to generate light neutrino masses. We instead
consider that RHNs are produced via Higgs or gauge
portals in new physics scenarios, with the B — L gauge
model as a prototype. As the SM Higgs portal is the most
promising channel, we also interpret our results in the
vgSMEFT. In such scenarios, RHNs can be produced
abundantly at colliders but remain long-lived due to the
small active-sterile mixing strengths.

We have reinterpreted the CMS analysis [75] as a search
for RHNSs, produced via pp — Z',Z,h,® — NN and
decaying at displaced vertices in the CMS end cap. We
found that the Higgs portals 7 and ® can be used to probe
RHNs with masses my ~ 40 GeV and active-sterile mixing
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strengths |V y|* ~ 10712 using existing CMS data, and for
B — L model and vxSMEFT parameters satisfying current
constraints. The gauge portals Z and Z’ offer less promise
in the near future.

Our results illustrate that searches for displaced showers
in the CMS muon system are powerful probes to reveal the
origin of neutrino masses. Existing CMS data is already
excluding yet unexplored parameter space in the well-
motivated B — L model that covers the seesaw floor, i.e.,
where a light neutrino mass scale of the order 9 x
1073 eV < m, <0.45 eV is generated. This can be further
generalized in the broad context of the vxFSMEFT, where
new physics scales Ayp = 200 TeV are being tested, which
is about one order of magnitude better than the current limit
from the Higgs signal strength [108,109], and is expected to
improve to Anp = 3000 TeV at the HL-LHC. Our work
motivates a dedicated search for displaced showers in the
muon system with potential optimizations applied, such as
for 3-body decay modes relevant for our RHN signatures.
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APPENDIX A: THE MINIMAL
B -L GAUGE MODEL

We here briefly summarize the minimal B — L gauge
model, and the constraints on relevant model parameters.
The B — L model extends the SM gauge group with an
additional Abelian gauge symmetry associated with the
B —L quantum number, SU(3). x SU(2), x U(1)y x
U(1)g_,. The particle content is also extended, by includ-
ing the B — L gauge boson Z', three Weyl RHNs 24 and the
B — L Higgs ®. The relevant Lagrangian in the interaction
eigenstates is

1
Lor == 2, 2" + D& D'®

S €
+ ) Thipri - EB””ZI’W{—f—m%Z,B”ZL}
i
1 L
-5 izj(x;&y;; vl + H.c.)

=Y (AJLe-Huf + He) = V(H, ®),

a.j

(A1)

with the field strength tensor of the B — L gauge group,
Z,, = 0,Z, — 0,7, hypercharge, B,, = 9,B, — d,B,, and
the covariant derivative D, = DM —igz_; Qp 17,

including the B — L contribution, with gz_; and Qp_;
being the B — L gauge coupling and charge, respectively. In
Eq. (A1), H is the SM Higgs doublet, with H = ic>?H* and
L* are the SM lepton doublets. The SM particles have their
canonical Qp_; charges while that of the exotic particles
take the values Qp_;(Z') =0, Qp_;(vg;)=-1 and
QOp_1 (®) = 2. The exotic particles are singlets under the
SM gauge symmetries.

1. Higgs sector
In Eq. (A1), V(H, ®) is the scalar potential
V(H, ®) = n(H' - H) + @20 + 2, (H' - H)
+ h|®|* + 3 (HT - H) | (A2)

Both the SM and B — L Higgs acquire vacuum expectation
values, v = (H°), vg_; = (®), leading to a breaking of the
model’s gauge group to SU(3),. x U(1)gy. In addition, the
scalar potential in Eq. (A2) gives rise to the mass matrix of
the Higgs fields (H, @) at tree level [110],

2,0 g v
M%{_( 1 3BL>.

(A3)
AMvp_v 2&21%_L

The Higgs masses at tree level are
M%,(q)) = 1102 +12U%—L

— (O 02 = d0d )+ (svg_r0) (Ad)
with the mixing given by

h cosa —sina\ / H°
= | , (A5)
@ sina  cosa ()

where the mixing angle « is determined by

/13UB_L11
tan(2a) = W A (A6)
We take mj, ~ 125 GeV < mg where we drop the prime on
the mass eigenstate [111].

A summary of recent experimental limits on the Higgs
mixing with an exotic singlet scalar can be found in [112].
The Higgs mixing can be probed by direct searches for a
heavy scalar and a measurement of the Higgs signal rate
[110,112,113]. The existence of an additional scalar also
introduces a shift to the W boson mass [114,115], from
which a limit is derived by comparing the experimental
Particle Data Group value, mj,” = 80.379 £ 0.012 GeV
and the SM predicted value, mjM = 80.356 GeV [116].
Lastly, requiring the scalar coupling 4; to remain pertur-
bative can also be used to infer a limit on the mixing. From
Refs. [112,114], using LHC Run-2 results [117], an upper
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FIG. 4. Current limits on the Higgs mixing strength sina,
adapted from [112]. The bound from measuring the Higgs signal
rate has been updated using the LHC Run-2 results [112,114,117].
Their projection at the HL-LHC with 3000 fb~' integrated
luminosity, taking the uncertainty u = |l —o(pp — h)/
o(pp = h)sm| = 0.02, is shown for comparison [105,106].

limit from the signal rate can be obtained, sina < 0.24. At
the 14 TeV HL-LHC with 3000 fb~! integrated luminosity,
a measurement of the Higgs signal rate is expected to
achieve an uncertainty of sy = |1 —a(pp = h)/o(pp —
h)gm| = 0.02 [105,106], with a projected sensitivity on the
Higgs mixing of sina =~ 0.14. The current constraints and
the future HL-LHC sensitivity are shown in Fig. 4.

Besides SM Higgs production at the LHC, we also
consider the production of the B — L Higgs ® with sub-
sequent decay to RHNs. The branching ratios of @ to relevant
decay products are shown in Fig. 5 as a function of its mass,
calculated in MadGraph for the B — L gauge model. The
B — L Higgs decays to SM final states as well as a pair of
RHNs, ® - NN, where we take the RHN mass my =
0.3 x mg which approximately maximizes the partial decay
rate. The decays to SM particles are suppressed by the Higgs
mixing which is taken at a small value sina = 0.08 in the
figure to illustrate the potential dominance of the decay ® —
NN for mg, <160 GeV. The B — L Higgs VEV is fixed at
(®) = 3.75 TeV. As noted in the main text, as long as ® —
NN is not dominant, the cross sections(pp - ® - NN) is
largely independent of the Higgs mixing as it cancels out
between production and decay. As can be seen, Br(® —
NN) =~ 0.5-0.85 is large for mq < 2my =~ 160 GeV.

2. Gauge sector

Arguably the most direct way to probe the B —L
model is through the extra gauge boson with mass

1 —

3 o
’ 10 :
ol
m
10—2“1‘ P P
125 200 300 400 500
mg [GeV]
FIG. 5. Decay branching ratios of the B — L Higgs ® as a

function of its mass mg. A single RHN with mass my = 0.3 x
mge 1s assumed and the Higgs mixing strength is taken as
sina = 0.08. The B — L Higgs VEV is fixed at (®) = 3.75 TeV.

my = 2gp_rvp_r. In Fig. 6 (left), the current limits and
projected sensitivities on the gauge coupling gz_; as a
function of my are shown. For the parameter space of our
interest, 10 GeV < my, < 10 TeV, the existing limits
mainly arise from colliders through searches at CMS,
ATLAS and LHCb, as well as EW precision tests and
searches of invisible final states of the Z’. Limits from the
LHCb were originally presented for a dark photon but
can be reinterpreted in the B — L model, following [118].
The limits from EW precision tests (LEP) are effectively on
the vacuum expectation value of the B — L Higgs with
vp_p = my/(2g9p_1) 2 3.5 TeV [86,87]. For light Z' with
10 GeV < my < my, limits are from resonance searches
for dileptons final states at LHCb [119] and CMS [120].
The current best limits are gg_, <6 x 107 for my <
70 GeV. When my ~ my, , there are large backgrounds
from the SM gauge bosons, hence the limit from LEP
becomes dominant, except for m, < m, when the search
of the invisible decay of Z" at LEP [121] is more stringent.
The CMS search [120] is effective for 110 GeV < my <
200 GeV, with an upper limit of ggz_, < 1073. For heavier
7', the limits from high mass resonance searches at
CMS [122] and ATLAS [80], as well as LEP apply.
Among them, the limits from ATLAS are the most stringent
for mz < 6 TeV. Due to the large mass, the background
from the SM gauge bosons is suppressed and the limits
become less stringent as Z' becomes heavier, reaching
gp—r. < 0.2 when my ~ 6 TeV. For even heavier Z', one
can only rely on the limits from LEP. We also show the
estimated sensitivities of ATLAS and CMS at the HL-LHC
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FIG. 6. Currentlimits onthe B — L gauge coupling gz_; (left)andthe B — L VEV (®) = m /(2gp_;,) (right) as a function of the Z’ mass
mz from resonance searches at CMS [57,60,120,122], ATLAS [57,80], LHCb [119], electroweak precision tests [86,87] and searches for
invisible Z’ final states [121] (LEP). Also shown are the projected sensitivities at ATLAS and CMS for the 3000 fb~' HL-LHC.

with 3000 fb~!, by scaling the current bounds with
luminosity as gg_;  luminosity~'/#. The same constraints
are displayed in Fig. 6 (right), but interpreted with respect
to the B— L VEV Up_| = <CD> = mZ//(ng_L).

In the minimal B — L model, no kinetic or mass mixing
between the SM hypercharge and B — L is considered.
Kinetic mixing is incorporated by including the ¢ term in
Eq. (A1) [82]. The mass mixing term m%z, violates the
model’s gauge symmetry but may still be present if the
B — L and electroweak symmetry breaking are connected
in a broader framework. For our purposes, we take ¢ and
m%z, as effective, independent parameters at the electro-
weak scale. The mass mixing induces a field mixing angle y
between the two gauge bosons,

2

me
tan}/ = %, <A7)
mz, —mz

and both kinetic and mass mixing lead to a coupling of the
SM-like gauge boson to the B — L current J%_, [123],
—sinf,,Z,J%_; ., with the overall mixing angle

€sin Oy

sinf,, ~tany + , (AB)

m2,/m% — 1

for € and y sufficiently small. Here, 0y, is the electroweak
mixing angle. Gauge boson mixing induces an additional
parity-violating asymmetry and is thus constrained by
precise measurements of atomic parity violation, with f =
gp_1. sin6,, < 1073 [82]. This leads to a potential change
in the Z production cross section by a factor of 5> ~ 1079,

still allowed at the LHC since the uncertainty of the Z
production cross section is about 4% [124,125].

3. Neutrino sector

The Yukawa matrix yy in Eq. (A1) gives rise to the RHN
masses, generated in breaking the B — L symmetry, with
the mass matrix given by my = yy(®). Likewise, the
active neutrinos mix with the RHNs via the Dirac mass
matrix mp = y,v/v/2. The complete mass matrix in the

(15, vg) basis is then

In the seesaw limit, My > mp, the light neutrino masses
are

0

T
mp

mp
My

(A9)

m, = —mpMy'mb, (A10)

and the flavor and mass eigenstates of the light and heavy

neutrinos are related as
UC
> <N )

()=

The mixing and the light neutrino masses are constrained
by oscillation experiments, namely, the charged current
lepton mixing U = Uppns, apart from small nonunitarity
corrections. For simplicity, we assume the presence of a
single RHN N mixing with a single lepton flavor at a time.
This relates the light neutrino mass scale m, with the RHN

U Vu
Un

v

(Al1)

VR Ve
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FIG. 7. Sensitivity of pp — h — NN (left) and pp - ® — NN (mg = 150 GeV, right) at 95% CL on the RHN mass my and the
active-sterile mixing |V, y|? (£ = e, 7). The scenarios are for reinterpreting CMS data (red region), as well as at the 14 TeV HL-LHC
with 3000 fb~! using the CMS (blue contour) and soft (green contour) trigger strategies. The Higgs mixing is sin @ = 0.24 (red region
and solid contours) and 0.14 (dashed), and the B — L Higgs VEV is (®) = 3.75 TeV. The region labeled “current limits” is excluded by
sterile neutrino searches (7 = e) while the contours labeled SHiP, CMS, and FCC-ee give the projected sensitivity of planned
experiments [12,104]. The band labeled “seesaw” indicates 9 x 1073 eV < |V, y|*my < 0.45 eV.

mass my as m, = |V gy|*my. While this simplification does
not allow describing the full light neutrino phenomenology,
the mass should not exceed limits on the absolute neutrino
mass scale currently set by the KATRIN experiment as
m, < 0.45 eV at 90% CL [6]. While not a strict lower limit,
observations of the solar neutrino oscillation length indicate
a smallest nonvanishing neutrino mass scale of \/Am?2, =
9 x 1073 eV [7]. We thus take the range 9 x 1073 eV <
|V n|?my < 0.45 eV as a target to probe the canonical
seesaw floor of neutrino mass generation.

RHNSs can be searched for through their mixing V .y with
the active neutrinos, via their resulting participation in SM
neutral and charged-current interactions, irrespective of the
presence of a B — L gauge interaction. This leads to a wide
range of constraints at colliders, in beam dump experi-
ments, meson decay searches, etc.. In the figures in the
main text and below, we display current constraints
compiled in [12] for comparison with our production
mechanisms. The focus of future efforts is on the RHN
lifetime frontier and we display the projected sensitivities
of SHiP [126], CMS [127], and FCC-ee [128] as repre-
sentative examples in our parameter space of interest.

4. Sensitivity of the CMS displaced shower search

As discussed in the main text, the CMS search for
displaced showers in the muon end cap can be interpreted
in terms of the B — L gauge model via the processes pp —
h — NN and pp - ® - NN with RHNs decaying in the
muon system. For completeness, we show the resulting

sensitivity in Fig. 7, with the left panel being identical to
Fig. 2 in the main text.

APPENDIX B: INTERPRETATION
IN THE RHN-EXTENDED
SM EFFECTIVE FIELD THEORY

Instead of choosing a specific ultraviolet-complete sce-
nario such as the U(1),_, gauge model described above,
the effects of heavy new physics at SM scales and below
can be categorized and interpreted within an effective field
theory (EFT) approach. Assuming that the SM particle
content is extended by a single, sterile and relatively light
RHN (my < Agw) with no other exotic states present, the
so-called RHN-extended SM EFT (vxSMEFT) [46-50]
applies, and the Lagrangian can be expressed as

1 -
[, = ‘CSM + DRdyR - EmND%VR - ZAQDLO{ . HIJR
a

>
n=>5

At the renormalizable level, it adds a kinetic term and a
Majorana mass term for the RHN vy field as well as the
usual Yukawa interactions A}, to the SM lepton doublets.
This gives rise to the usual seesaw mechanism, where we
consider the single RHN N = vy with mass my to generate
a light neutrino mass scale m, = |V y|>my as described in
Sec. A 3. Low energy effects of the heavy new physics are

c,0
g _Z + H.c..
ARp

(B1)
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then captured by effective operators O,, of increasing mass
dimension n, constructed from SM fields and the RHN.
They are accompanied by dimensionless Wilson coeffi-
cients C, quantifying the individual operator strengths,
usually expected to be |C,| = O(1) unless additional
symmetry considerations lead to a suppression. The set
of operators includes those of the SMEFT (without RHN)
and additional operators incorporating the RHN.

At the lowest order, n = 5, there are two operators [129],

O = (Lt H)(H' - L),

Oy = (Dgug)(H' - H). (B2)

The first, (’)%}, is the well-known Weinberg operator
inducing light neutrino masses after EW symmetry breaking.
In the vxSMEFT, it describes an additional contribution
sm = —C?Vﬂvz /Anp, beyond that from the RHN-induced
seesaw. This could, e.g., arise from additional RHN states
heavier than the EW scale, or from other neutrino mass
generation mechanisms in the ultraviolet. The second oper-
ator, Oy, is the RHN equivalent of the Weinberg operator. It
induces an additional RHN Majorana mass contribution after
EW symmetry breaking, my = —Cypv*/Anp. More
importantly in our context, it also generates the AN N vertex
with coupling strength Cyyv/Axp-

Current Limits |

FCC-ee

Seesaw
E |
10*14 ;. ANp/lcNH|=1OO TeV j;
[ BBN 3
—16 g | L | i
10 0 20 40 60 80
my [GeV]
4 4
10 Current Limits | 10 Current Limits |
106 1 10k
1078 1 10
o T
= 10-10 1 = 10-10 ]
S 107 T S0
Seesaw Seesaw ]
10—12 L B 10—12 E i
b 1 -14 r 1
S . Asp/ICapI=100 TeV I . ANp/ICyI=1000 TeV
-16 é . . . | . . | . . | . i —16 ? . . . | . . . | . . . | . : i
10725 20 40 60 g0 107 20 40 60 80
my [GeV] my [GeV]

FIG. 8. Lower limit on the vxgSMEFT operator scale Axp/|Cyy| as a function of the RHN mass my and the active-sterile mixing
strength |V, |* using existing CMS data (top) as well as at the 14 TeV HL-LHC with 3000 fb~! using the CMS (bottom left) and soft
trigger strategies (bottom right). The other elements in the plots are as described in Fig. 7.
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The operator Oyy will thus induce the Higgs branching
ratio

1 |Cyyl?v? my, 4m%\ 3/?
Bi(h— NN) =~ AL T (1 mi ) . (B3)
which is the equivalent of Eq. (4) in the main text. With the
RHN decaying via the active-sterile mixing V,y, as in the
U(1)g_, model, the constraints from the CMS search and
future sensitivities can thus be reinterpreted in terms of the
operator scale Axp/|Cyg| in the vxSMEFT. For this, we
assume that other operators do not contribute significantly
to the RHN decay width.

For a given RHN mass my and active-sterile mixing
strength |V,y|> we determine the smallest operator scale
Anp/|Cyy| that yields no significant signal in the CMS
muon system at 95% CL by reinterpreting it in terms of the
Higgs branching ratio in Eq. (B3). This is shown in Fig. §,
using the existing CMS data (top, identical to Fig. 3 in the
main text) as well as at the 14 TeV HL-LHC with 3000 fb~!
using the CMS (bottom left) and soft trigger strategies
(bottom right). As in the U(1),_, scenario, the search is
sensitive as long as the RHN is sufficiently long-lived,
0.5m <Ly <6 m, to be detected in the CMS muon
system. Within this band, there is a soft dependence on
the RHN mass, with the sensitivity decreasing with larger
my until nearing the threshold my = m,,/2.

In Fig. 9, we likewise show the best constraint on
Anp/|Cym| for a given RHN mass my, comparing the
existing CMS search with the future sensitivities at the HL-
LHC with the CMS trigger and the soft trigger as described
in the main text. The sensitivity peaks at Axp/|Cygz| Z 300,
500, 3000 TeV with CMS data, at the HL-LHC using the
CMS trigger and at the HL-LHC using the soft trigger,
respectively. We also show the limit from Higgs signal
strength measurements, i.e., interpreting 7 — NN as an
invisible decay, at Axp/|Cng| = 33 TeV [108,109]. The
sensitivity of the existing CMS displaced shower search
surpasses this limit by an order of magnitude. This is
expected to improve by a hundred-fold at the HL-LHC
using the soft trigger, which has already been installed
since the start of Run-3 [103]. As mentioned, the operator
Oypg induces a correction to the bare mass of the RHN after
EW symmetry breaking, dmy = —Cypyv*/Axp. For con-
sistency, it should be small compared to the bare mass and
corrections at the 10% and 1% level are indicated by the
dashed curves in Fig. 9.

As the main difference to the interpretation in the
ultraviolet-complete U(1),_, gauge model, the sensitivity
to Ayp does not decrease for small my. This is because
the ANN coupling in the U(1)z_, model arises from the
breaking of lepton number, generating the RHN Majorana
mass, and thus the ANN vertex is proportional to my. This
is expected to be a generic feature if the source of lepton
number violation can be directly connected to the RHN

104 """"" Trr T Trrrrr T T Trrrr T
HL-LHC
(Soft Trigger)
_ 103}
>k HL-LHC
)
=
) ~~ — _ CMS
B -~
% |6mN|:001mN —~ — —
<102k
~ — —
10! . Higgs Signlal Strength .\ T ==
10 20 30 40 50 60
my [GGV]

FIG. 9. Best upper limit and projected sensitivity (maximized
over |Vy|?) on the vxSMEFT operator scale Axp/|Cyp| as a
function of the RHN mass my from the existing CMS search
(red), at the HL-LHC with the CMS trigger (blue) and at the HL-
LHC with the soft trigger (green). The current limit on the
operator scale from the Higgs signal strength [109] is shown as
well. A contribution to the RHN mass from the operator Oy at
the level |6my| = 0.1my and 0.01my is indicated by the dashed
curves.

mass. It can be incorporated within the vxkSMEFT via the
inclusion of a spurion [130], associated with lepton
number, to reflect the additional symmetry and its con-
trolled breaking in the ultraviolet sector. As a consequence,
effective operators violating lepton number vanish if lepton
number is conserved in the renormalizable Lagrangian, i.e.,
as my — 0. The relevant Wilson coefficients are thus
suppressed as Cpny = Ci vy /Anp With [Cl | = O(1).
The h — NN branching ratio then scales as

12,02 2 2\ 3/2
Br(h—>NN):41 Covumyv” my (1—4'"2N) " )
T A TG my
In this context, we can further reinterpret the sensitivity to
Anp by making the substitution |Cyy|/Axp = |Clylmy/
AZp. The previous sensitivities Axp/|Cyg| = 300, 500,
3000 TeV for the CMS data, the HL-LHC (CMS trigger)
and the HL-LHC (soft trigger) are then mapped to
A\p/ICyul = 3.5, 4.5, 11 TeV, respectively, for my =
40 GeV. This is compatible with the sensitivity with
respect to the B — L-breaking scale and the Z' mass in
the U(1),_; gauge model discussed in Appendix A 4.
Other vxSMEFT operators at higher dimensions [50]
may also contribute to the RHN and Higgs decay, and could
be probed similarly. At dimension-6, operators coupling the
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RHN with the Higgs are [109]
INH = (I:a'I:IVR)(Hf'H% Onun = (DRYI‘VR)(H”DHH)’ (B5)
and
_ _ TH _
Opeys = (’/R’/R)(HT ‘H)Z, Onp1 = (VRD,,UR)(HTD H)’ Onp2 = (DRVR)((D/JH)T'(D”H))’ (36)

at dimension-7 [50]. Here, D, is the SM covariant derivative. Displaced shower searches can also be sensitive to & — Nv
which, in addition to the usual active-sterile neutrino mixing contribution, involves further operators.

[1] R. Davis, A review of the Homestake solar neutrino
experiment, Prog. Part. Nucl. Phys. 32, 13 (1994).

[2] Y. Fukuda et al. (Super-Kamiokande Collaboration),
Evidence for oscillation of atmospheric neutrinos, Phys.
Rev. Lett. 81, 1562 (1998).

[3] K. Eguchi et al. (KamLAND Collaboration), First results
from KamLAND: Evidence for reactor anti-neutrino dis-
appearance, Phys. Rev. Lett. 90, 021802 (2003).

[4] Q.R. Ahmad et al. (SNO Collaboration), Direct evidence
for neutrino flavor transformation from neutral current
interactions in the Sudbury Neutrino Observatory, Phys.
Rev. Lett. 89, 011301 (2002).

[5] P. Minkowski, 4 — ey at a rate of one out of 10° muon
decays?, Phys. Lett. 67B, 421 (1977).

[6] M. Aker et al. (Katrin Collaboration), Direct neutrino-mass
measurement based on 259 days of KATRIN data,
arXiv:2406.13516.

[7] I. Esteban, M.C. Gonzalez-Garcia, M. Maltoni, T.
Schwetz, and A. Zhou, The fate of hints: Updated global
analysis of three-flavor neutrino oscillations, J. High
Energy Phys. 09 (2020) 178.

[8] K. Kaneta, Z. Kang, and H.-S. Lee, Right-handed neutrino
dark matter under the B — L gauge interaction, J. High
Energy Phys. 02 (2017) 031.

[9] K. Bondarenko, A. Boyarsky, D. Gorbunov, and O.
Ruchayskiy, Phenomenology of GeV-scale heavy neutral
leptons, J. High Energy Phys. 11 (2018) 032.

[10] D.A. Bryman and R. Shrock, Constraints on sterile
neutrinos in the MeV to GeV mass range, Phys. Rev. D
100, 073011 (2019).

[11] S. Balaji, M. Ramirez-Quezada, and Y.-L. Zhou, CP
violation and circular polarisation in neutrino radiative
decay, J. High Energy Phys. 04 (2020) 178.

[12] P.D. Bolton, F.F. Deppisch, and P.S. Bhupal Deyv,
Neutrinoless double beta decay versus other probes of
heavy sterile neutrinos, J. High Energy Phys. 03 (2020)
170.

[13] W. Liu, K.-P. Xie, and Z. Yi, Testing leptogenesis at the
LHC and future muon colliders: A Z' scenario, Phys. Rev.
D 105, 095034 (2022).

[14] A.M. Abdullahi et al., The present and future status of
heavy neutral leptons, J. Phys. G 50, 020501 (2023).

[15] Y. Zhang and W. Liu, Probing active-sterile neutrino
transition magnetic moments at LEP and CEPC, Phys.
Rev. D 107, 095031 (2023).

[16] D. Barducci, W. Liu, A. Titov, Z. S. Wang, and Y. Zhang,
Probing the dipole portal to heavy neutral leptons via
meson decays at the high-luminosity LHC, Phys. Rev. D
108, 115009 (2023).

[17] W. Liu and FE F. Deppisch, Testing leptogenesis and
seesaw using long-lived particle searches in the B — L
model, Phys. Rev. D 110, 035017 (2024).

[18] S. Chatrchyan et al. (CMS Collaboration), Search for
heavy Majorana neutrinos in g u* + Jets and e*e® + Jets
events in pp collisions at /s = 7 TeV, Phys. Lett. B 717,
109 (2012).

[19] R. Aaij et al. (LHCb Collaboration), Search for Majorana
neutrinos in B~ — z"u~u~ decays, Phys. Rev. Lett. 112,
131802 (2014).

[20] G. Aad et al. (ATLAS Collaboration), Search for heavy
Majorana neutrinos with the ATLAS detector in pp
collisions at /s =8 TeV, J. High Energy Phys. 07
(2015) 162.

[21] V. Khachatryan et al. (CMS Collaboration), Search for
heavy Majorana neutrinos in g*u* + jets events in proton-
proton collisions at /s = 8 TeV, Phys. Lett. B 748, 144
(2015).

[22] V. Khachatryan et al. (CMS Collaboration), Search for
heavy Majorana neutrinos in e*e® + jets and e* u* + jets
events in proton-proton collisions at /s = 8 TeV, J. High
Energy Phys. 04 (2016) 169.

[23] E. Cortina Gil et al. (NA62 Collaboration), Search for
heavy neutral lepton production in K™ decays, Phys. Lett.
B 778, 137 (2018).

[24] A.M. Sirunyan et al. (CMS Collaboration), Search for
heavy neutral leptons in events with three charged leptons
in proton-proton collisions at /s = 13 TeV, Phys. Rev.
Lett. 120, 221801 (2018).

[25] A.M. Sirunyan et al. (CMS Collaboration), Search for
heavy Majorana neutrinos in same-sign dilepton channels
in proton-proton collisions at /s = 13 TeV, J. High
Energy Phys. 01 (2019) 122.

[26] G. Aad et al. (ATLAS Collaboration), Search for heavy
neutral leptons in decays of W bosons produced in 13 TeV

093003-12


https://doi.org/10.1016/0146-6410(94)90004-3
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.90.021802
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1016/0370-2693(77)90435-X
https://arXiv.org/abs/2406.13516
https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1007/JHEP02(2017)031
https://doi.org/10.1007/JHEP02(2017)031
https://doi.org/10.1007/JHEP11(2018)032
https://doi.org/10.1103/PhysRevD.100.073011
https://doi.org/10.1103/PhysRevD.100.073011
https://doi.org/10.1007/JHEP04(2020)178
https://doi.org/10.1007/JHEP03(2020)170
https://doi.org/10.1007/JHEP03(2020)170
https://doi.org/10.1103/PhysRevD.105.095034
https://doi.org/10.1103/PhysRevD.105.095034
https://doi.org/10.1088/1361-6471/ac98f9
https://doi.org/10.1103/PhysRevD.107.095031
https://doi.org/10.1103/PhysRevD.107.095031
https://doi.org/10.1103/PhysRevD.108.115009
https://doi.org/10.1103/PhysRevD.108.115009
https://doi.org/10.1103/PhysRevD.110.035017
https://doi.org/10.1016/j.physletb.2012.09.012
https://doi.org/10.1016/j.physletb.2012.09.012
https://doi.org/10.1103/PhysRevLett.112.131802
https://doi.org/10.1103/PhysRevLett.112.131802
https://doi.org/10.1007/JHEP07(2015)162
https://doi.org/10.1007/JHEP07(2015)162
https://doi.org/10.1016/j.physletb.2015.06.070
https://doi.org/10.1016/j.physletb.2015.06.070
https://doi.org/10.1007/JHEP04(2016)169
https://doi.org/10.1007/JHEP04(2016)169
https://doi.org/10.1016/j.physletb.2018.01.031
https://doi.org/10.1016/j.physletb.2018.01.031
https://doi.org/10.1103/PhysRevLett.120.221801
https://doi.org/10.1103/PhysRevLett.120.221801
https://doi.org/10.1007/JHEP01(2019)122
https://doi.org/10.1007/JHEP01(2019)122

REVEALING THE ORIGIN OF NEUTRINO MASSES THROUGH ...

PHYS. REV. D 111, 093003 (2025)

pp collisions using prompt and displaced signatures with
the ATLAS detector, J. High Energy Phys. 10 (2019) 265.

[27] R. Aaij et al. (LHCb Collaboration), Search for heavy
neutral leptons in W — u*uTjet decays, Eur. Phys. J. C
81, 248 (2021).

[28] A. Tumasyan et al. (CMS Collaboration), Search for long-
lived heavy neutral leptons with displaced vertices in
proton-proton collisions at /s = 13 TeV, J. High Energy
Phys. 07 (2022) 081.

[29] G. Aad er al. (ATLAS Collaboration), Search for Major-
ana neutrinos in same-sign WW scattering events from pp
collisions at /s = 13 TeV, Eur. Phys. J. C 83, 824
(2023).

[30] A. Hayrapetyan et al. (CMS Collaboration), Search for
long-lived heavy neutral leptons decaying in the CMS
muon detectors in proton-proton collisions at s = 13 TeV,
Phys. Rev. D 110, 012004 (2024).

[31] A.Davidson, B — L as the fourth color within an SU(2), X
U(1)g x U(1) model, Phys. Rev. D 20, 776 (1979).

[32] R. N. Mohapatra and R. E. Marshak, Local B-L symmetry
of electroweak interactions, Majorana neutrinos and neu-
tron oscillations, Phys. Rev. Lett. 44, 1316 (1980); 44,
1643(E) (1980).

[33] H. Debnath and P. Fileviez Perez, Low scale seesaw
mechanism with local lepton number, Phys. Rev. D 108,
075009 (2023).

[34] P. Fileviez Perez, Lepton and baryon numbers as local
gauge symmetries, Phys. Rev. D 110, 035018 (2024).

[35] R. N. Mohapatra and J. C. Pati, A natural left-right sym-
metry, Phys. Rev. D 11, 2558 (1975).

[36] G. Senjanovic and R.N. Mohapatra, Exact left-right
symmetry and spontaneous violation of parity, Phys.
Rev. D 12, 1502 (1975).

[37] R.N. Mohapatra and G. Senjanovic, Neutrino mass and
spontaneous parity nonconservation, Phys. Rev. Lett. 44,
912 (1980).

[38] J. C. Pati and A. Salam, Lepton number as the fourth color,
Phys. Rev. D 10, 275 (1974); 11, 703(E) (1975).

[39] B. Batell, A. Bhoonah, and W. Huang, Right-handed
neutrino masses from the electroweak scale, arXiv:2411
.07294.

[40] M. Fukugita and T. Yanagida, Baryogenesis without grand
unification, Phys. Lett. B 174, 45 (1986).

[41] M. A. Luty, Baryogenesis via leptogenesis, Phys. Rev. D
45, 455 (1992).

[42] S. Davidson, E. Nardi, and Y. Nir, Leptogenesis, Phys.
Rep. 466, 105 (2008).

[43] S. Iso, N. Okada, and Y. Orikasa, Classically conformal
B — L extended Standard Model, Phys. Lett. B 676, 81
(2009).

[44] S. Iso, N. Okada, and Y. Orikasa, The minimal B — L
model naturally realized at TeV scale, Phys. Rev. D 80,
115007 (2009).

[45] I. Baldes and M. O. Olea-Romacho, Primordial black holes
as dark matter: Interferometric tests of phase transition
origin, J. High Energy Phys. 01 (2024) 133.

[46] M. L. Graesser, Experimental constraints on Higgs boson
decays to TeV-scale right-handed neutrinos, arXiv:0705
.2190.

[47] M. L. Graesser, Broadening the Higgs boson with right-
handed neutrinos and a higher dimension operator at the
electroweak scale, Phys. Rev. D 76, 075006 (2007).

[48] F. del Aguila, S. Bar-Shalom, A. Soni, and J. Wudka,
Heavy Majorana neutrinos in the effective Lagrangian
description: Application to hadron colliders, Phys. Lett. B
670, 399 (2009).

[49] A. Aparici, K. Kim, A. Santamaria, and J. Wudka, Right-
handed neutrino magnetic moments, Phys. Rev. D 80,
013010 (2009).

[50] Y. Liao and X.-D. Ma, Operators up to dimension seven in
Standard Model effective field theory extended with sterile
neutrinos, Phys. Rev. D 96, 015012 (2017).

[51] E.F. Deppisch, N. Desai, and J. W.F. Valle, Is charged
lepton flavor violation a high energy phenomenon?, Phys.
Rev. D 89, 051302 (2014).

[52] B. Batell, M. Pospelov, and B. Shuve, Shedding light on
neutrino masses with dark forces, J. High Energy Phys. 08
(2016) 052.

[53] F. Deppisch, S. Kulkarni, and W. Liu, Heavy neutrino
production via Z’ at the lifetime frontier, Phys. Rev. D 100,
035005 (2019).

[54] E. Accomando, L. Delle Rose, S. Moretti, E. Olaiya, and
C. H. Shepherd-Themistocleous, Extra Higgs boson and Z’
as portals to signatures of heavy neutrinos at the LHC, J.
High Energy Phys. 02 (2018) 109.

[55] A. Das, P.S. B. Dev, and N. Okada, Long-lived TeV-scale
right-handed neutrino production at the LHC in gauged
U(1)y model, Phys. Lett. B 799, 135052 (2019).

[56] K. Cheung, K. Wang, and Z.S. Wang, Time-delayed
electrons from neutral currents at the LHC, J. High Energy
Phys. 09 (2021) 026.

[57] C.-W. Chiang, G. Cottin, A. Das, and S. Mandal, Dis-
placed heavy neutrinos from Z’ decays at the LHC, J. High
Energy Phys. 12 (2019) 070.

[58] P. Fileviez Pérez and A. D. Plascencia, Probing the nature
of neutrinos with a new force, Phys. Rev. D 102, 015010
(2020).

[59] A. Das, N. Okada, S. Okada, and D. Raut, Probing the
seesaw mechanism at the 250 GeV ILC, Phys. Lett. B 797,
134849 (2019).

[60] W. Liu, S. Kulkarni, and F. F. Deppisch, Heavy neutrinos at
the FCC-hh in the U(1)z_; model, Phys. Rev. D 105,
095043 (2022).

[61] C. Han, T. Li, and C.-Y. Yao, Searching for heavy neutrino
in terms of tau lepton at future hadron collider, Phys. Rev.
D 104, 015036 (2021).

[62] A. Das and N. Okada, Bounds on heavy Majorana
neutrinos in type-I seesaw and implications for collider
searches, Phys. Lett. B 774, 32 (2017).

[63] A. Maiezza, M. Nemevsek, and F. Nesti, Lepton number
violation in Higgs decay at LHC, Phys. Rev. Lett. 115,
081802 (2015).

[64] F. F. Deppisch, W. Liu, and M. Mitra, Long-lived heavy
neutrinos from Higgs decays, J. High Energy Phys. 08
(2018) 181.

[65] J. D. Mason, Time-delayed electrons from Higgs decays
to right-handed neutrinos, J. High Energy Phys. 07
(2019) 089.

093003-13


https://doi.org/10.1007/JHEP10(2019)265
https://doi.org/10.1140/epjc/s10052-021-08973-5
https://doi.org/10.1140/epjc/s10052-021-08973-5
https://doi.org/10.1007/JHEP07(2022)081
https://doi.org/10.1007/JHEP07(2022)081
https://doi.org/10.1140/epjc/s10052-023-11915-y
https://doi.org/10.1140/epjc/s10052-023-11915-y
https://doi.org/10.1103/PhysRevD.110.012004
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1103/PhysRevLett.44.1316
https://doi.org/10.1103/PhysRevLett.44.1644.2
https://doi.org/10.1103/PhysRevLett.44.1644.2
https://doi.org/10.1103/PhysRevD.108.075009
https://doi.org/10.1103/PhysRevD.108.075009
https://doi.org/10.1103/PhysRevD.110.035018
https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevD.12.1502
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.10.275
https://doi.org/10.1103/PhysRevD.11.703.2
https://arXiv.org/abs/2411.07294
https://arXiv.org/abs/2411.07294
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1103/PhysRevD.45.455
https://doi.org/10.1103/PhysRevD.45.455
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/j.physrep.2008.06.002
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1016/j.physletb.2009.04.046
https://doi.org/10.1103/PhysRevD.80.115007
https://doi.org/10.1103/PhysRevD.80.115007
https://doi.org/10.1007/JHEP01(2024)133
https://arXiv.org/abs/0705.2190
https://arXiv.org/abs/0705.2190
https://doi.org/10.1103/PhysRevD.76.075006
https://doi.org/10.1016/j.physletb.2008.11.031
https://doi.org/10.1016/j.physletb.2008.11.031
https://doi.org/10.1103/PhysRevD.80.013010
https://doi.org/10.1103/PhysRevD.80.013010
https://doi.org/10.1103/PhysRevD.96.015012
https://doi.org/10.1103/PhysRevD.89.051302
https://doi.org/10.1103/PhysRevD.89.051302
https://doi.org/10.1007/JHEP08(2016)052
https://doi.org/10.1007/JHEP08(2016)052
https://doi.org/10.1103/PhysRevD.100.035005
https://doi.org/10.1103/PhysRevD.100.035005
https://doi.org/10.1007/JHEP02(2018)109
https://doi.org/10.1007/JHEP02(2018)109
https://doi.org/10.1016/j.physletb.2019.135052
https://doi.org/10.1007/JHEP09(2021)026
https://doi.org/10.1007/JHEP09(2021)026
https://doi.org/10.1007/JHEP12(2019)070
https://doi.org/10.1007/JHEP12(2019)070
https://doi.org/10.1103/PhysRevD.102.015010
https://doi.org/10.1103/PhysRevD.102.015010
https://doi.org/10.1016/j.physletb.2019.134849
https://doi.org/10.1016/j.physletb.2019.134849
https://doi.org/10.1103/PhysRevD.105.095043
https://doi.org/10.1103/PhysRevD.105.095043
https://doi.org/10.1103/PhysRevD.104.015036
https://doi.org/10.1103/PhysRevD.104.015036
https://doi.org/10.1016/j.physletb.2017.09.042
https://doi.org/10.1103/PhysRevLett.115.081802
https://doi.org/10.1103/PhysRevLett.115.081802
https://doi.org/10.1007/JHEP08(2018)181
https://doi.org/10.1007/JHEP08(2018)181
https://doi.org/10.1007/JHEP07(2019)089
https://doi.org/10.1007/JHEP07(2019)089

LIU, KULKARNI, and DEPPISCH

PHYS. REV. D 111, 093003 (2025)

[66] E. Accomando, L. Delle Rose, S. Moretti, E. Olaiya, and
C.H. Shepherd-Themistocleous, Novel SM-like Higgs
decay into displaced heavy neutrino pairs in U(1)’ models,
J. High Energy Phys. 04 (2017) 081.

[67] Y. Gao, M. Jin, and K. Wang, Probing the decoupled
seesaw scalar in rare Higgs decay, J. High Energy Phys. 02
(2020) 101.

[68] A.M. Gago, P. Herndndez, J. Jones-Pérez, M. Losada, and
A. Moreno Bricefio, Probing the type I seesaw mechanism
with displaced vertices at the LHC, Eur. Phys. J. C 75, 470
(2015).

[69] J. Jones-Pérez, J. Masias, and J. D. Ruiz-Alvarez, Search
for long-lived heavy neutrinos at the LHC with a VBF
trigger, Eur. Phys. J. C 80, 642 (2020).

[70] W. Liu, J. Li, J. Li, and H. Sun, Testing the seesaw
mechanisms via displaced right-handed neutrinos from a
light scalar at the HL-LHC, Phys. Rev. D 106, 015019
(2022).

[711 J. Li, W. Liu, and H. Sun, Z' mediated right-handed
neutrinos from meson decays at the FASER, Phys. Rev. D
109, 035022 (2024).

[72] E. F. Deppisch, S. Kulkarni, and W. Liu, Sterile neutrinos at
MAPP in the B — L model, arXiv:2311.01719.

[73] N. Bernal, K. Deka, and M. Losada, Discovering heavy
neutral leptons with the Higgs boson, Phys. Rev. D 110,
055011 (2024).

[74] A. Atre, T. Han, S. Pascoli, and B. Zhang, The search for
heavy Majorana neutrinos, J. High Energy Phys. 05
(2009) 030.

[75] A. Tumasyan et al. (CMS Collaboration), Search for long-
lived particles decaying in the CMS end cap muon
detectors in proton-proton collisions at /s = 13 TeV,
Phys. Rev. Lett. 127, 261804 (2021).

[76] M. Aaboud et al. (ATLAS Collaboration), Search for
long-lived particles produced in pp collisions at /s =
13 TeV that decay into displaced hadronic jets in the
ATLAS muon spectrometer, Phys. Rev. D 99, 052005
(2019).

[77] G. Aad et al. (ATLAS Collaboration), Search for long-
lived neutral particles produced in pp collisions at /s =
13 TeV decaying into displaced hadronic jets in the
ATLAS inner detector and muon spectrometer, Phys.
Rev. D 101, 052013 (2020).

[78] G. Aad et al. (ATLAS Collaboration), Search for long-
lived, massive particles in events with displaced vertices
and multiple jets in pp collisions at /s =13 TeV
with the ATLAS detector, J. High Energy Phys. 2306
(2023) 200.

[79] G. Cottin, J. C. Helo, M. Hirsch, C. Pefna, C. Wang, and
S. Xie, Long-lived heavy neutral leptons with a displaced
shower signature at CMS, J. High Energy Phys. 02
(2023) O11.

[80] G. Aad et al. (ATLAS Collaboration), Search for high-
mass dilepton resonances using 139 fb~! of pp collision
data collected at /s = 13 TeV with the ATLAS detector,
Phys. Lett. B 796, 68 (2019).

[81] M. Aaboud et al. (ATLAS Collaboration), Measurements
of top-quark pair to Z-boson cross-section ratios at
/s =13, 8, 7 TeV with the ATLAS detector, J. High
Energy Phys. 02 (2017) 117.

[82] P.S.B. Dev, W. Rodejohann, X.-J. Xu, and Y. Zhang,
Searching for Z' bosons at the P2 experiment, J. High
Energy Phys. 06 (2021) 039.

[83] CERN, CERN yellow reports 13 TeV, https://twiki.cern
.ch/twiki/bin/view/LHCPhysics/CERN YellowReportPage
At13TeV.

[84] LHC Higgs cross section working group, https:/twiki.cern
.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy.

[85] D. de Florian et al. (LHC Higgs Cross Section Working
Group), Handbook of LHC Higgs cross sections: 4.
Deciphering the nature of the Higgs sector, 10.23731/
CYRM-2017-002 (2016).

[86] G. Cacciapaglia, C. Csaki, G. Marandella, and A. Strumia,
The minimal set of electroweak precision parameters,
Phys. Rev. D 74, 033011 (2006).

[87] J. Alcaraz et al. (ALEPH, DELPHI, L3, OPAL, and LEP
Electroweak Working Group Collaborations), A Combi-
nation of preliminary electroweak measurements and
constraints on the standard model, arXiv:hep-ex/0612034.

[88] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O.
Mattelaer, and T. Reiter, UFO—The universal FeynRules
output, Comput. Phys. Commun. 183, 1201 (2012).

[89] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-
to-leading order differential cross sections, and their
matching to parton shower simulations, J. High Energy
Phys. 07 (2014) 079.

[90] M. L. Mangano, M. Moretti, F. Piccinini, and M. Treccani,
Matching matrix elements and shower evolution for top-
quark production in hadronic collisions, J. High Energy
Phys. 01 (2007) 013.

[91] S. Hoeche, F. Krauss, N. Lavesson, L. Lonnblad, M.
Mangano, A. Schalicke, and S. Schumann, Matching
parton showers and matrix elements, in HERA and the
LHC: A Workshop on the Implications of HERA for LHC
Physics: CERN—DESY Workshop 2004/2005 (Midterm
Meeting, CERN, 2004; Final Meeting, DESY, 2005)
(2005), pp. 288-289, arXiv:hep-ph/0602031.

[92] T. Sjostrand, S. Ask, J.R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, An introduction to Pythia 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[93] M. Cacciari, G.P. Salam, and G. Soyez, Fastet user
manual, Eur. Phys. J. C 72, 1896 (2012).

[94] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V.
Lemaitre, A. Mertens, and M. Selvaggi (DELPHES 3
Collaboration), Delphes 3, A modular framework for fast
simulation of a generic collider experiment, J. High Energy
Phys. 02 (2014) 057.

[95] A. Hayrapetyan et al. (CMS Collaboration), Search for
long-lived particles decaying in the CMS muon detectors
in proton-proton collisions at s = 13 TeV, Phys. Rev. D
110, 032007 (2024).

[96] CMS Collaboration, Search for vector-like leptons with
long-lived particle decays in the CMS muon system,
Report No. CMS-PAS-EX0-23-015, CERN, Geneva,
2024), https://cds.cern.ch/record/2905042.

[97] C. Wang, Dedicated Delphes Module, https://github.com/
delphes/delphes/pull/103 (2022).

093003-14


https://doi.org/10.1007/JHEP04(2017)081
https://doi.org/10.1007/JHEP02(2020)101
https://doi.org/10.1007/JHEP02(2020)101
https://doi.org/10.1140/epjc/s10052-015-3693-1
https://doi.org/10.1140/epjc/s10052-015-3693-1
https://doi.org/10.1140/epjc/s10052-020-8188-z
https://doi.org/10.1103/PhysRevD.106.015019
https://doi.org/10.1103/PhysRevD.106.015019
https://doi.org/10.1103/PhysRevD.109.035022
https://doi.org/10.1103/PhysRevD.109.035022
https://arXiv.org/abs/2311.01719
https://doi.org/10.1103/PhysRevD.110.055011
https://doi.org/10.1103/PhysRevD.110.055011
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1103/PhysRevLett.127.261804
https://doi.org/10.1103/PhysRevD.99.052005
https://doi.org/10.1103/PhysRevD.99.052005
https://doi.org/10.1103/PhysRevD.101.052013
https://doi.org/10.1103/PhysRevD.101.052013
https://doi.org/10.1007/JHEP06(2023)200
https://doi.org/10.1007/JHEP06(2023)200
https://doi.org/10.1007/JHEP02(2023)011
https://doi.org/10.1007/JHEP02(2023)011
https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1007/JHEP02(2017)117
https://doi.org/10.1007/JHEP02(2017)117
https://doi.org/10.1007/JHEP06(2021)039
https://doi.org/10.1007/JHEP06(2021)039
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy
https://doi.org/10.23731/CYRM-2017-002
https://doi.org/10.23731/CYRM-2017-002
https://doi.org/10.1103/PhysRevD.74.033011
https://arXiv.org/abs/hep-ex/0612034
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1088/1126-6708/2007/01/013
https://doi.org/10.1088/1126-6708/2007/01/013
https://arXiv.org/abs/hep-ph/0602031
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1103/PhysRevD.110.032007
https://doi.org/10.1103/PhysRevD.110.032007
https://cds.cern.ch/record/2905042
https://cds.cern.ch/record/2905042
https://cds.cern.ch/record/2905042
https://github.com/delphes/delphes/pull/103
https://github.com/delphes/delphes/pull/103
https://github.com/delphes/delphes/pull/103

REVEALING THE ORIGIN OF NEUTRINO MASSES THROUGH ...

PHYS. REV. D 111, 093003 (2025)

[98] CMS Collaboration, Search for long-lived particles
decaying in the CMS end cap muon detectors in proton-
proton collisions at /s = 13 TeV (Version 2), HEPData
(collection) (2021), 10.17182/hepdata.104408.v2.

[99] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, MadGraph 5: Going Beyond, J. High Energy Phys.
06 (2011) 128.

[100] S.P. Jones, M. Kerner, and G. Luisoni, Next-to-leading-
order QCD corrections to Higgs boson plus jet production
with full top-quark mass dependence, Phys. Rev. Lett. 120,
162001 (2018); 128, 059901(E) (2022).

[101] K. Becker et al., Precise predictions for boosted Higgs
production, SciPost Phys. Core 7, 001 (2024).

[102] F. Maltoni, E. Vryonidou, and M. Zaro, Top-quark
mass effects in double and triple Higgs production in
gluon-gluon fusion at NLO, J. High Energy Phys. 11
(2014) 079.

[103] CSC High Multiplicity Trigger in Run 3 (2022), https://cds
.cern.ch/record/2842376.

[104] P.D. Bolton, F. F. Deppisch, and P.S. B. Dev, Probes of
heavy sterile neutrinos, in Proceedings of the 56th Ren-
contres de Moriond on Electroweak Interactions and
Unified Theories (2022), arXiv:2206.01140.

[105] M. Cepeda et al., Report from working group 2: Higgs
physics at the HL-LHC and HE-LHC, CERN Yellow Rep.
Monogr. 7, 221 (2019).

[106] ATLAS and CMS Collaborations, Addendum to the report
on the physics at the HL-LHC, and perspectives for the
HE-LHC: Collection of notes from ATLAS and CMS,
CERN Yellow Rep. Monogr. 7, 1 (2019).

[107] D. Barducci, E. Bertuzzo, A. Caputo, P. Hernandez, and B.
Mele, The see-saw portal at future Higgs Factories, J. High
Energy Phys. 03 (2021) 117.

[108] E. Fernandez-Martinez, J. Lépez-Pavén, J. M. No, T. Ota,
and S. Rosauro-Alcaraz, v Electroweak baryogenesis:
The scalar singlet strikes back, Eur. Phys. J. C 83, 715
(2023).

[109] E. Fernandez-Martinez, M. Gonzdlez-Lépez, J.
Hernandez-Garcia, M. Hostert, and J. Lopez-Pavon, Ef-
fective portals to heavy neutral leptons, J. High Energy
Phys. 09 (2023) 001.

[110] T. Robens and T. Stefaniak, Status of the Higgs singlet
extension of the standard model after LHC run 1, Eur.
Phys. J. C 75, 104 (2015).

[111] The case where mgq, < my, is considered in [70].

[112] T. Robens, Constraining extended scalar sectors at current
and future colliders—an update, Springer Proc. Phys. 292,
141 (2023).

[113] T. Robens, Extended scalar sectors at current and future
colliders, in Proceedings of the 55th Rencontres de
Moriond on QCD and High Energy Interactions (2021),
arXiv:2105.07719.

[114] A.Papaefstathiou, T. Robens, and G. White, Signal strength
and W-boson mass measurements as a probe of the

electro-weak phase transition at colliders—Snowmass
White Paper, in Snowmass 2021 (2022), arXiv:2205.14379.

[115] D. Lépez-Val and T. Robens, Ar and the W-boson mass in
the singlet extension of the Standard Model, Phys. Rev. D
90, 114018 (2014).

[116] R. L. Workman et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[117] ATLAS Collaborations, Combined measurements of Higgs
boson production and decay using up to 139 fb~! of
proton-proton collision data at /s = 13 TeV collected
with the ATLAS experiment, Report No. ATLAS-CONF-
2021-053, CERN, Geneva, 2023.

[118] P. Ilten, Y. Soreq, M. Williams, and W. Xue, Serendipity in
dark photon searches, J. High Energy Phys. 06 (2018) 004.

[119] R. Aaij et al. (LHCb Collaboration), Search for A’ — u*pu~
decays, Phys. Rev. Lett. 124, 041801 (2020).

[120] A.M. Sirunyan et al. (CMS Collaboration), Search for a
narrow resonance lighter than 200 GeV decaying to a pair
of muons in proton-proton collisions at /s = TeV, Phys.
Rev. Lett. 124, 131802 (2020).

[121] P.J. Fox, R. Harnik, J. Kopp, and Y. Tsai, LEP shines light
on dark matter, Phys. Rev. D 84, 014028 (2011).

[122] A.M. Sirunyan et al. (CMS Collaboration), Search for
resonant and nonresonant new phenomena in high-mass
dilepton final states at /s = 13 TeV, J. High Energy Phys.
07 (2021) 208.

[123] M. Lindner, F.S. Queiroz, W. Rodejohann, and X.-J.
Xu, Neutrino-electron scattering: general constraints on
Z' and dark photon models, J. High Energy Phys. 05
(2018) 098.

[124] G. Aad et al. (ATLAS Collaboration), Measurement of W+
and Z-boson production cross sections in pp collisions at
/s = 13 TeV with the ATLAS detector, Phys. Lett. B 759,
601 (2016).

[125] ATLAS Collaboration, Measurement of 77 and Z-boson
cross sections and their ratio using pp collisions at /s =
13.6 TeV with the ATLAS detector, Report No. ATLAS-
CONF-2023-006, CERN, Geneva, 2023.

[126] C. Ahdida et al. (SHiP Collaboration), Sensitivity of the
SHiP experiment to heavy neutral leptons, J. High Energy
Phys. 04 (2019) 077.

[127] M. Drewes and J. Hajer, Heavy neutrinos in displaced
vertex searches at the LHC and HL-LHC, J. High Energy
Phys. 02 (2020) 070.

[128] A. Blondel et al., Searches for long-lived particles at the
future FCC-ee, Front. Phys. 10, 967881 (2022).

[129] There exists a third dimension-5 operator, Oyp =
(030" vg)B,, = 0 that is usually considered but is absent
for a single RHN, reflecting the fact that a Majorana
fermion does not have a magnetic dipole moment.

[130] D. Barducci, E. Bertuzzo, A. Caputo, and P. Hernandez,
Minimal flavor violation in the see-saw portal, J. High
Energy Phys. 06 (2020) 185.

093003-15


https://doi.org/10.17182/hepdata.104408.v2
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1007/JHEP06(2011)128
https://doi.org/10.1103/PhysRevLett.120.162001
https://doi.org/10.1103/PhysRevLett.120.162001
https://doi.org/10.1103/PhysRevLett.128.059901
https://doi.org/10.21468/SciPostPhysCore.7.1.001
https://doi.org/10.1007/JHEP11(2014)079
https://doi.org/10.1007/JHEP11(2014)079
https://cds.cern.ch/record/2842376
https://cds.cern.ch/record/2842376
https://cds.cern.ch/record/2842376
https://arXiv.org/abs/2206.01140
https://doi.org/10.23731/CYRM-2019-007.221
https://doi.org/10.23731/CYRM-2019-007.221
https://doi.org/10.23731/CYRM-2019-007.Addendum
https://doi.org/10.1007/JHEP03(2021)117
https://doi.org/10.1007/JHEP03(2021)117
https://doi.org/10.1140/epjc/s10052-023-11887-z
https://doi.org/10.1140/epjc/s10052-023-11887-z
https://doi.org/10.1007/JHEP09(2023)001
https://doi.org/10.1007/JHEP09(2023)001
https://doi.org/10.1140/epjc/s10052-015-3323-y
https://doi.org/10.1140/epjc/s10052-015-3323-y
https://doi.org/10.1007/978-3-031-30459-0
https://doi.org/10.1007/978-3-031-30459-0
https://arXiv.org/abs/2105.07719
https://arXiv.org/abs/2205.14379
https://doi.org/10.1103/PhysRevD.90.114018
https://doi.org/10.1103/PhysRevD.90.114018
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1103/PhysRevLett.124.041801
https://doi.org/10.1103/PhysRevLett.124.131802
https://doi.org/10.1103/PhysRevLett.124.131802
https://doi.org/10.1103/PhysRevD.84.014028
https://doi.org/10.1007/JHEP07(2021)208
https://doi.org/10.1007/JHEP07(2021)208
https://doi.org/10.1007/JHEP05(2018)098
https://doi.org/10.1007/JHEP05(2018)098
https://doi.org/10.1016/j.physletb.2016.06.023
https://doi.org/10.1016/j.physletb.2016.06.023
https://doi.org/10.1007/JHEP04(2019)077
https://doi.org/10.1007/JHEP04(2019)077
https://doi.org/10.1007/JHEP02(2020)070
https://doi.org/10.1007/JHEP02(2020)070
https://doi.org/10.3389/fphy.2022.967881
https://doi.org/10.1007/JHEP06(2020)185
https://doi.org/10.1007/JHEP06(2020)185

	Revealing the origin of neutrino masses through displaced shower searches in the CMS muon system
	I. INTRODUCTION
	II. RIGHT-HANDED NEUTRINO PRODUCTION AND DECAY
	A. Gauge portal
	B. Higgs portal

	III. DISPLACED SHOWERS IN THE CMS MUON SYSTEM
	IV. PROBING THE NEUTRINO MASS GENERATION MECHANISM
	A. Gauge portal
	B. Higgs portal

	V. CONCLUSION
	ACKNOWLEDGMENTS
	APPENDIX A: THE MINIMAL B-L GAUGE MODEL
	1. Higgs sector
	2. Gauge sector
	3. Neutrino sector
	4. Sensitivity of the CMS displaced shower search

	APPENDIX B: INTERPRETATION IN THE RHN-EXTENDED SM EFFECTIVE FIELD THEORY
	References


