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We investigate the pair production of right-handed neutrinos from the decay of a light B — L scalar in the
U(1)g_, model. The B — L scalar mixes with the SM Higgs, and the physical scalar is required to be lighter
than the observed Higgs. The produced right-handed neutrinos are predicted to be long-lived according to
the type-I seesaw mechanism and yield potentially distinct signatures such as displaced-vertex and time-
delayed leptons at CMS/ATLAS/LHCD, as well as signatures at the far detectors including CODEX-b,
FACET, FASER, MoEDAL-MAPP, and MATHUSLA. We analyze the sensitivity reach at the High-
Luminosity LHC for the right-handed neutrinos with masses of 2.5-30 GeV, showing that the active-sterile
mixing with muons can be probed to V,y ~ 107 at CMS/ATLAS/LHCb using the displaced-vertex
searches, and 1 order of magnitude lower at MATHUSLA/CMS using time-delayed lepton searches,
reaching the parameter space of interest for type-I seesaw mechanisms.
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I. INTRODUCTION

The existence of the tiny neutrino masses observed by
neutrino oscillation experiments is one of the most mys-
terious problems in the Standard Model (SM). Type-I
seesaw mechanisms can explain it by adding additional
right-handed (RH) neutrinos to form both Dirac and
Majorana mass terms, which in turn yield tiny active
neutrino masses. Among the models that incorporate a
type-I seesaw mechanism, an anomaly-free U(1),_, model
is considered as one of the simplest [1,2]. In this model, the
RH neutrinos are charged under B — L gauge, and therefore
couple to the B — L gauge boson Z'. It also contains an
additional scalar y which is responsible for introducing the
Majorana masses of the neutrinos via the spontaneous
symmetry breaking of U(1),_; . If the y mixes with the SM
Higgs, both the physical SM-like Higgs and the B — L
scalar s can couple to the RH neutrinos. Therefore, the RH
neutrinos can be produced not only by the decay of the
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W /Z gauge bosons as in the minimal neutrino extension to
the SM WMSM) [3], but also via the decays of the SM
Higgs, Z', and the scalar s.

RH neutrinos have been investigated at the LHC from the
decays of W/Z gauge bosons, with limits of the active-
sterile mixings set at V,y <1073 [4-15]. However, the

m, <
my

type-I seesaw mechanisms indicate that V;y =

\ /O'C%Tevv ~ 1073 at the LHC. The searches for RH neutrinos

via W/Z gauge boson decays can never reach such a
parameter space, i.e., the production of RH neutrinos
cSVi xo(pp =W —l) <1071 x 107 fb = 1073 fb,
leading to no observation even in the high-luminosity era.

Meanwhile, the production of RH neutrinos via the
scalar does not depend on the active-sterile mixings, and
searches for this process at the LHC might lead to
successful probes of type-I seesaw mechanisms. These
RH neutrinos within such a parameter space can be
regarded as long-lived particles (LLPs), as their decay
length Ly ~2.5 cm x ()2 x (18GV)5 [16,17]  can
potentially lead to vertices several meters away from the
collision point. Once produced, they can yield distinct
displaced vertex signatures at the LHC, which are almost
background free. The final states of RH neutrinos can also
be detected using the precision-timing information at CMS
[18] and the upgrades of the ATLAS detectors. Aiming at
probing such LLPs including RH neutrinos, several pro-
posals for the construction of the far detectors at the lifetime
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frontier at the LHC have been put forward. Among them,
the FASER [19] and MoEDAL-MAPP [20] detectors have
been installed and will be in operation during Run 3 of the
LHC. Other detectors—including CODEX-b [21], FACET
[22], and MATHUSLA [23]—are still being discussed.

The B — L scalar can be produced via gluon-gluon
fusion at the LHC, by the mixings with the SM Higgs.
Direct searches for additional Higgses and indirect searches
via electroweak precision tests including the Higgs signal
rates set limits on the mixings [24]. For a B — L scalar
heavier than the SM-like Higgs, the current limit for the
mixings is sina < 0.3. If the scalar is lighter than the SM-
like Higgs, the limits are well constrained by the Higgs
signal rates, sina < 0.06. Given such low mixings, a light
B — L scalar can still be produced abundantly, reaching
10° fb [24,25]. Due to such low mixings with the SM
sector, this light scalar has an appreciable decay branching
ratio to RH neutrinos. Therefore, displaced RH neutrino
production from the decay of a light B — L scalar is a
hopeful channel to search for RH neutrinos and test the
seesaw mechanisms. Reference [26] looked at the possible
scenario where the B — L scalar is heavier than the SM-like
Higgs. RH neutrinos decaying into a light s was also
discussed in a recent paper [27].

Other than the B — L scalar, the additional production of
RH neutrinos in the U(1),_, model has also been inves-
tigated in several papers. References [26,28-37] discussed
RH production via the Z’ boson, and mainly looked for their
displaced final states at the lifetime frontiers. Some explo-
rations at the FCC-hh for similar channels were studied in
Refs. [38—40], and the production of RH neutrinos via the
SM-like Higgs was studied in Refs. [17,41-49].

Since the production of RH neutrinos from light B — L
scalar decays is rarely studied, in this work we focus on the
channel pp — s — NN. The light B — L scalar has a mass
within the range [10, 125] GeV, such that it is dominantly
produced via gluon-gluon fusion at the LHC and is lighter
than the observed Higgs. The light scalar subsequently
decays to RH neutrinos, leading to distinct displaced-vertex
and time-delayed leptons signatures. The cross section of
this process depends on the Higgs mixing angle, the masses
of the light scalar and RH neutrinos, as well as the Yukawa
couplings of RH neutrinos. After summarizing the current
limits, we choose a benchmark scenario from the allowed
values and show that RH neutrinos from the decay of a light
B — L scalar still have an appreciable production cross
section. We then estimate the sensitivity reach of this
process using the displaced-vertex and time-delayed lep-
ton searches at CMS/ATLAS and LHCb, as well as
far detectors including CODEX-b, FACET, FASER,
MoEDAL-MAPP, and MATHUSLA.

This paper is organized as follows. In Sec. II, we briefly
review the U(1),_; model, the decays of the light scalar s,
and the current limits on the Higgs mixings as a function of
the light scalar masses and the Yukawa couplings of RH

neutrinos. The cross section of the pair production of RH
neutrinos from the light scalar is given in Sec. III, followed
by a summary of the displaced RH neutrinos analyses at the
High-Luminosity LHC (HL-LHC) in Sec. IV. The esti-
mated sensitivity is shown in Sec. V. Finally, we conclude
in Sec. VL

II. MODEL

In addition to the particle content of the SM, the scalar
part of the U(1),_; model consists of a SM singlet scalar
field y,

V(H.y) =m*¢ ¢+ 12|y |> + 4 (97 9)* + holy[*
+ L9 x| (1)

After diagonalization of the mass matrix, the additional
scalar singlet ¥ mixes with the SM Higgs [24],

h cosa —sina ¢
()= Goe @)@
s sina  cosa x
where « is the mixing angle between the scalar fields, and &
and s are the SM-like Higgs and B — L scalar mass
eigenstates, respectively. We take 10 GeV < m, < m,, =
125 GeV. Therefore, the s is dominantly produced
via s-channel gluon-gluon fusion, and ¢(pp — s) ~sina? x
o(pp—s5,SM), whereas6(pp — s, SM) is the cross section
when s has the same couplings as the SM Higgs, which can
be inferred from Ref. [25]. The current limits of sin a for
such my; is shown in the left panel of Fig. 1 [24,50], which
was obtained from Ref. [24] using LHC Run 1 results. They
are set mainly by the measurements of the Higgs signal rates
[24] and are still valid, as shown in Ref. [50] using Run 2
results. So sina < 0.06 is allowed for such a scalar, and we
take sin « at the upper limits as our benchmark. A lighter s is
also possible. For mg ~ O GeV, the Higgs mixings are well
constrained by the searches for rare meson decays; see
Ref. [51] for details. Bt — K+ + inv sets sind < 1073 for
my <2 GeV, and KT — 7t +inv sets sind < 107 for
my < 0.36 GeV [52,53]. For an even lighter scalar, the
observation of the neutron star merges can be used to set
limits, as shown in Ref. [54].
The fermion part of the Lagrangian includes additional
neutrino mass terms,

LD yyyN°N + yp,L®N + H.c., (3)

where we have omitted the difference between the weak
and physical RH neutrinos.

Therefore, the B — L scalar s can decay into pairs of RH
neutrinos, and the partial width is expressed as
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FIG. 1.

Left: current limits at (mg, sina) for 10 GeV < m, <

my, [24,55,56], where the green shaded region is ruled out by

experiments. Right: Feynman diagrams of the main process pp — s — NN.

2 2\ 3/2
Vi 4m
Uiowvv = Ecosza- ’éﬂ <1 - mé")
~ L Y 1- A\ P2 (4)
2 8=x m? '

where yy = @ and v, 2 3.5 TeV for my 2 1 TeV from

electroweak precision observable (EWPO) [57,58].

Although CMS/ATLAS dijet searches yield better limits

as v, 2 25 TeV for my <5 TeV [59], we can still take

vy, = 10 TeV as our benchmark assuming the gauge boson

7' is very heavy beyond the reach of current direct searches,

and therefore only the indirect limits from EWPO apply.
The branching ratio for s — NN is

l—‘s—>NN (5)

BRS—>NN == .
sin” al'y gy + Usn

Since the mixing sin « is tiny, the only appreciable decay
width comes from s — bb, c¢,77 and s = NN.

The RH neutrinos N mix with the active neutrinos via the
active-sterile mixings V,y. The decay length of N is a
function of my and V,y, such that [16,17]

1076\ 2 100 GeV)>
LNz2.Sme< > x< ¢ ) (6)
IN my

As the type-I seesaw mechanisms predict V,y < 1073, the
N can be long lived with meters of decay length. We focus

TABLE I. Benchmark parameters in this paper.
Parameters sina m my Vg
Values 0.06 10-125 GeV my/4 10 TeV

on the RH neutrinos which only mix with the muon, and
hence V;y =V, so the final states of N can be looked for
via the searches for displaced vertices at the muon chamber.

Before we proceed with detailed calculations, we sum-
marize the benchmark parameters in Table 1. They are
chosen to optimize the discovery potential from the allowed
values in current limits.

III. PRODUCTION CROSS SECTION

In order to estimate the production cross section of the
pp — s = NN process, we can apply the narrow width
approximation,

o(pp = s = NN) =sin a*> x 6(pp — 5, SM) x BR,_ yy.
(7)

The production of the s via gluon-gluon fusion at N3LO is
shown in the left panel of Fig. 2, which is taken from
Ref. [25] and scaled to the 14 TeV LHC [60]. The N°LO
effects of gluon-gluon fusion can enhance the production of
the s by a factor of O(10%). The right panel of Fig. 2
illustrates the branching ratio BR,_, yy as a function of m,.
As my becomes larger, the Yukawa coupling y, increases,
resulting in a larger partial width and branching ratio,
reaching 25% when my =~ 100 GeV. Nevertheless, there is
a bump near where m, =~ 2m,,. The increased m; leads to a
larger phase space for the s — bb channel and a smaller
BRX—»NN .

To analyze the kinematical distribution and later the
sensitivity, we perform a Monte Carlo simulation with the
following steps. First, we use the universal FeynRules
output format (UFO) [61] of the B — L model developed in
Ref. [17], which is also publicly available from the
FeynRules [62,63] model database [64]. Then, it is fed
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FIG. 2. Left: 6(pp — s) as a function of m at the 14 TeV LHC, for SM-like couplings. Right: BR(s — NN as a function of m,. We

fix my =%+ and v; = 10 TeV.

into the Monte Carlo event generator MadGraph5aMC@NLO
v2.6.7 [65] for parton-level simulation. Afterwards, the
initial- and final-state parton shower, hadronization, heavy
hadron decays, etc. are taken care by PYTHIA v8.235 [66].
The clustering of the events is performed by Fastlet v3.2.1
[67]. Detector effects are not taken into account at this
stage, while some simplified cuts are taken in the next
section to roughly describe the detector effects in detecting
LLPs. Finally, we use inverse sampling to generate the
exponential decay distribution of RH neutrinos.

After the simulation, we show the cross section pp —
s = NN for fixed sin @ = 0.06 and running sin « in the left
and right panels of Fig. 3, respectively. Although the
production cross section o(pp — s) drops for heavier s,
it is compensated by the growing branching ratio, resulting
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FIG. 3.
my = %

in an almost constant o(pp — s > NN)~70 fb for
my 2 20 GeV. The proposed Higgs factories—such as
the ILC, CEPC, and FCC-ee—will have the potential to
determine the Higgs couplings by an order of magnitude or
even higher [68], leading to stringent limits on the Higgs
mixings sina < 0.01 [69]. Nevertheless, potential obser-
vation is still available even for sin a ~ 1073,

Therefore, the pair production of RH neutrinos from a
light B — L scalar has a sufficient cross section at the LHC.
Given the high luminosity and the potential far detectors
optimized for LLP detection, the HL-LHC is hopeful to
probe RH neutrinos. In the following section, we demon-
strate dedicated analyses for the distinct displaced-vertex
signature of RH neutrinos according to different detectors
at the HL-LHC.

loil:l\\\\\\\\'\\\\\\\\\'\\\\\\\\\'\\\\\\\\\'\\\\\\\\\'\\\\:
r Exp. Limits i
S]
g 1072
wn
10-3Low I RERTERENEY FERE RN FEN RN RRTY SRR RN SN
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o(pp — s = NN) as a function of m; for sin @ = 0.06 (left) and as a function of m, and sin « (right) at the LHC. We fix
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IV. ANALYSES OF THE DISPLACED
RH NEUTRINOS

We outline the relevant properties of the detectors to
the efficiencies of LLP detection. These include their loca-
tions to the interaction points (IP) where the protons collide,
the geometrical sizes, the trigger requirements and the
reconstruction efficiencies. Considering all of these effects,
the expected number of observed events can be expressed as

Ngigna/ L = 6(pp = s = NN) x BR(N — final states)

X €kin X egeo X €recons (8)

where L is the integrated luminosity, and e, and €, are the
efficiencies due to the trigger requirements and geometrical
acceptance, respectively. €., 1S the reconstruction efficien-
cies, which we assume to be 100% for all detectors except the
LHCb. As N dominantly decays to yujj, we focus on these
final states and consider at least one muon and one jet with
AR(uj) > 0.3 to form a displaced vertex. When look for RH
neutrinos, we only consider one N to decay into ujj and
displaced, while no consideration is required on the other N
decays, while we do not put any requirements on the other N
decays, i.e., they can decay into any possible products.

a. CMS and ATLAS are two general detectors in the
transverse direction of the LHC. Although they are designed
to detect prompt decay products, there are several existing
search strategies to look for LLPs from the displaced muon-
jet (DMJ) and time-delayed (Timing) signals.

The displaced muon-jet search was proposed in
Ref. [70]. The original analysis was optimized for inelastic
dark matter, as it has similar signatures to RH neutrinos; we
employ the same strategy:

DMJ: ps(j) > 120 GeV,
pr(p) > 5 GeV,
L,,(N)<03m,
(V)| <25,
d, > 1 mm. 9)
J

LHCb: N(j) > 0,
N(u) =1,

The N is required to decay inside the outer layer of the
tracking system to give precise tracks, so its transverse
decay length satisfies L,,(N) < 0.3 m. A vertex is con-
sidered to be sufficiently displaced if the transverse dis-
tance between the momentum of the muon and that of the N
is significant, i.e., d, is larger than the resolution of the
detector.

Reference [18] proposed an alternative analysis using
the precision-timing information of the CMS detector.
The decays of RH neutrinos lead to a secondary vertex,
so the muon in the final state when reaching the timing
layer will be delayed due to the decreased speed of the N
and larger path length compared to the SM particles
traveling in a straight line. The cuts for the time-delayed
signatures are

Timing: pr(j) > 120(30) GeV,
pr(u) >3 GeV,
At > 0.3 ns,
0.05m < L, (N) < 1.17 m,
L.(N) < 3.04 m. (10)

The pr(j) cuts are applied on a jet from initial-state
radiation, which is identified following Ref. [71] to time
stamp the primary vertex. The calculation of the time delay
At is described in the Appendix. The event with a lepton
that has a time delay larger than the resolution of the CMS
timing detector is regraded as a signal. The RH neutrinos
are required to decay within the timing layer. The trigger for
the jets is required to be lowered to p7(j) > 30 GeV as an
optimized case [72].

b. LHCD is a general detector optimized for B physics in
the forward direction of the LHC. A dedicated search
employed by the LHCb experiment [73] can be used to
identify the displaced signatures of RH neutrinos, as
described in Ref. [74]. The search strategy is

pr(j) > 20 GeV,
pr(p) > 12 GeV,

2 < |n(j.p)| <5,

0.005 m < L,,(N) <0.02 m,
0.02m < L,,(N) <0.5 m,
0.005 m < L,,(N) < 0.6 m,

04m<L,(N)<2m,

my > 4.5 GeV,
L.(N) <04 m, €recon = 0%,
L,(N) <04 m, €recon = 100%,

€recon = 0%. (11)
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In the original literature there were no py cuts for the jets;
nevertheless, we add a soft cut to roughly consider the
general LHCb trigger requirements. The first and third
regions mentioned are parts of the trigger tracker tracking
station. The reconstruction efficiencies are reduced due to
backgrounds and blind spots related to the detector.
The second region is the vertex locator, in which the
reconstruction efficiencies for the displaced vertex should
be high.

c. FASER: Despite the existing general-purpose detec-
tors, specialized detectors with macroscopic distance from
the IP are optimized for LLP discovery. If LLPs are light
and weakly coupled, they should possess low transverse
momentum and travel in a very forward direction, colli-
mated with the beam axis, and therefore they cannot be
detected by the general LHC detectors. Aiming at probing
these particles, the Forward Search Experiment (FASER)
detector has been proposed and installed [19,75]. It should
start to collect data during Run 3 of the LHC. It is placed
480 meters away from the ATLAS IP, in the side tunnel
TI18. In order to detect LLPs including RH neutrinos,
FASER requires them to decay inside the detector volume,

FASER: Ly, <1 m,
475 m < L, <480 m,
E,, > 100 GeV. (12)

The above design is actually phase 2 of the FASER at the
HL-LHC. A smaller detector volume is employed for the
phase 1 design. Here we only consider phase 2 to maximize
the detection probability. The requirement for the total
energy of the visible particles is to reduce the trigger rate of
low energy that might come from the background.

d. The Monopole Apparatus for Penetrating Particles
(MoEDAL-MAPP) is a proposed subdetector of the
MoEDAL detector [20]. The original MoEDAL detector
is a specialized detector at the LHCb IP that is designed to
look for magnetic monopoles and is not able to detect the
decays of new particles. The MAPP subdetector was
proposed to solve this problem especially for detecting
LLPs. Like FASER, it has already been installed and should
begin taking data during Run 3 of the LHC. Its search
strategy for RH neutrinos is

MoEDAL-MAPP: 3 m < L, < 6 m,
—2m<Ly<Ilm,
48m< L, <61 m,
Eac > 0.6 GeV.  (13)
The original MOEDAL-MAPP detector actually has a ring-
like shape; here, we roughly consider it as a cuboid to

simplify the calculation. The threshold on the track energies
is applied to roughly describe the trigger requirements,

which were originally introduced in Ref. [21] for the
CODEX-b experiment. Nevertheless, we introduce such
trigger cuts for all of the following far detectors as a
baseline.

e. The Compact Detector for Exotics at LHCb (CODEX-b)
is a proposed detector located in the LHCb cavern, which is
unoccupied after the Run 3 upgrade of the LHCb [21].
It can be used to detect RH neutrinos by requiring

CODEX-b: 26 m < L, < 36 m,
-3m<Ly<7m,
Sm< L, <15 m,

Eyax > 0.6 GeV. (14)

f The Forward-Aperture CMS Extension (FACET) is a
newly proposed long-lived particle detector in the very
forward region of the CMS experiment [22]. It is designed
to be a new subsystem of CMS, as it uses the same
technology and is fully integrated. Therefore, the CMS
main detector and its correlation can be studied, which is
interesting for the SM physics programs in low pileup
collisions. Therefore, studies of the correlations between
the main detector of CMS and it can be made available,
which is interesting for the SM physics programs in low
pileup collisions. Its search strategy for RH neutrinos is

FACET: 0.18 m < L, < 0.5 m,
10lm<L,<119m,
Eyax > 0.6 GeV. (15)

g. The Massive Timing Hodoscope for Ultra-Stable
Neutral Particles (MATHUSLA) is the largest proposed
detector aimed for LLPs [23]. It is placed on the surface of
ATLAS or CMS. We employ the following cuts to probe
RH neutrinos using MATHUSLA:

MATHUSLA: 100 m < Ly, < 120 m,
—100 m < Ly < 100 m,
100 m < L, < 300 m,

Epar > 0.6 GeV.  (16)

Given the search strategy of all of the detectors at the
lifetime frontiers, a comparison between them can be
useful. The most important parameter of these detectors
is their geometrical reach both in the angle and the distance.
Therefore, we give the comparison of these detectors in the
left panel of Fig. 4 for their reach in distance to the
corresponding IP, and in the right panel of Fig. 4 for their
reach in angle to the beam axis. The distribution of the
(py» @) information of the decayed RH neutrinos is also
shown in the right panel of Fig. 4 for comparison, which is
obtained from a benchmark where my = 10 GeV and
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FIG. 4. The reach of the detectors in the distance to the IP, at (L,,, L) plane (left) and (py, 6) (right) plane. The (py, #) information
of the decayed RH neutrinos is also shown in the right panel for comparison, obtained from a benchmark where my = 10 GeV and
m, = 40 GeV. The number of right-handed neutrinos from 10* events is represented by the colors as indicated by the legend band.

mg = 40 GeV. This helps to estimate the kinematical and
geometrical efficiencies of each detector. The (py,6) of
RH neutrinos are roughly distribute around the line where
py X 0= pr(N) =~ 10 GeV, which is the expectation value
of the py(N) for each RH neutrino from a s with 40 GeV
mass decaying to two N with 10 GeV. From the figures, the
combined reach of all of these detectors roughly covers the
full range of @, except for a small region where 8 ~ 1072,
advocating a potential new detector to be placed to probe
new particles with certain masses. It is clear that FASER
and FACET are placed in a very forward direction, where
RH neutrinos are rarely distributed at this benchmark,
which might lead to negligible sensitivity. Other detectors
are able to probe RH neutrinos at different angles and
distances. Among them, LHCb and MAPP are in the
forward direction, while MAPP covers smaller region in
angle, inside the LHCb coverage. Nevertheless, MAPP is

10 |05 30 Gev pr(j) > 120 GeV
1000¢ N
. |
2 -
= 100
>
=
<
10¢
1 L
0 50 100 150 200

pr(j) [GeV]

FIG. 5.
m, =40 GeV.

located much further than the LHCb, capable to probe RH
neutrinos with larger decay length. MATHUSLA, ATLAS/
CMS, and CODEX-b are placed in the transverse direction.
Although MATHUSLA is enormous in size, due to its large
distance to the IP, its angular coverage is inside CMS/
ATLAS. CODEX-b lacks in angular size, only covers a
small region in the very transverse direction.
CMS/ATLAS and LHCb analyses employ hard trigger
cuts on the transverse momentum of the jets. To estimate
the kinematical efficiencies ¢y, due to these cuts, we
illustrate the pz(j) (left) and #; (right) of the final-state
jets from N decays in Fig. 5, taking from the benchmark
where my = 10 GeV and m, = 40 GeV. The lower thresh-
old on pr(j) is due to the Fasget algorithm. Only 0.1% of
events survive after the p;(j) > 120 GeV cut. While
O(100) times more events can left if the cut is lowered
to pr(j) > 30 GeV. Hence, the relaxed p;(j) requirement

1000¢ — ] -
500 |

100
501

Any Units

10f

n()

Kinematical distributions of pr(j) (left) and #; (right) of the final-state jets from N decays. We take my = 10 GeV and
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FIG. 6. Left: time-delay Ar distribution and the distribution of the corresponding laboratory decay length of RH neutrinos Ly 1, With
pr(j) > 120 GeV cuts. The number of right-handed neutrinos from 10* events is represented by color, as indicated in the legend. The
signal event is required to have a time-delay that is sufficiently larger than the resolution of the detector, i.e., Az > 0.3 ns [18]. Right:
Ly 1 distribution for two time-delayed analyze with py(j) > 120(30) GeV. The distribution is obtained from a benchmark where

my = 10 GeV, m, = 40 GeV and V,y = 107,

compared to the DMJ analysis is favorable to increase the
detection ability. In the right panel of Fig. 5 we show that
jets like N are likely to be discovered in the transverse
direction.

The time-delayed analyze is unique, so we need special
information to estimate its kinematical and geometrical
efficiencies. In the left panel of Fig. 6 we show the
distribution of the time delay Af and the corresponding
laboratory decay length of RH neutrinos Ly 1,,, which is
obtained from a benchmark where my = 10 GeV,
m;=40GeV, and V,,y =10"* with p7(j) > 120 GeV cuts.
The solid horizontal line indicates the cut At > 0.3 ns, and
the vertical lines show the region inside the timing layer.
Most of the points are distributed around the line where
Ly 1 ~ cAt, as RH neutrinos are boosted traveling in
speed closing to the speed of the light ¢, this means [; ~ I\
so the / and N travel in similar directions; see the Appendix.
At this benchmark, the time-delayed analyses capture most
of the signal events, as vastly events are within the region
where they possess sufficient time delay and RH neutrinos
are decay within the timing layer. Things become different
if the benchmark is changed, as the distribution will be
modified according to its expected proper decay length and
the Lorentz factor. Nevertheless, the distribution should still
follow the Ly ., ~ cAt line, and the different benchmark
just changes the peak where most of the points are
distributed. We can expect that with a lower V,y or my,
the expected lab decay length would be larger, and there-
fore the events are likely to move to the upper right corner,
and vice versa. As the threshold of the time delay depends
on the resolution of the timing detector, which can be
improved with more advanced techniques, it becomes
interesting to see how the improved resolution can help
to detect more signal events. However, as illustrated in the

figure, since Ly 1o ~ AL, @8 ¢Alpin & Lyy min = 0.05 mof
the timing layer, only improving At distribution will not
help to increase the efficiencies. One needs to put the
timing layer closer to the IP at the same time, or extend the
timing layer to the muon system to make the time-delayed
analyses more efficient. We have provided two time-
delayed analyses with different p;(j) thresholds, as more
energetic jets are likely to come from more boosted RH
neutrinos with larger Lorentz factors, the distribution of the
Ly 1. changes as shown in the right panel of Fig. 6.
Lowering the py(j) threshold introduces additional effects
such that the lab decay length of RH neutrinos is likely to
become smaller. This makes the two analyses sensitive to
RH neutrinos with different proper decay lengths, and the
corresponding parameter space (my, V), which we show
in the following section.

V. SENSITIVITIES

With all of the analysis methods and the estimation of the
efficiencies in hand, we calculate the sensitivity of the
above detectors. LHCb, MoEDAL-MAPP, and CODEX-b
have an integrated luminosity of 300 fb~! at the HL-LHC,
whereas the rest of the detectors have 3000 fb~!. As most
of the analyses in the original references considered a
negligible background, since the decays of the LLPs are
rare in the SM, we make this optimistic assumption as well
when estimating the sensitivity. Therefore, the sensitivity is
obtained via requiring Ngny > 3.09 from the Poisson
distribution at 95% C.L.

The resulting sensitivity at 95% C. L. in the (my, V ,y)
plane of the seesaw parameters for all of the detectors is
shown in Fig. 7. The grey shaded region labeled “Current”
is the current best limits from the existing searches for RH
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FIG. 7. Sensitivity of the DMJ and time-delayed analyses with p7(j) > 120 GeV (Timing 120) and p7(j) > 30 GeV (Timing 30) at
the CMS/ATLAS detectors and LLP searches at the CODEX-b, FACET and MATHUSLA detectors at the HL-LHC to the (my, V”N)
plane. The FASER and MoEDAL-MAPP detectors have negligible sensitivity. The grey shaded region labeled “Current” is the current
best limits from the existing searches for RH neutrinos [76]. The light blue band corresponds to the regime with light neutrino masses
0.01 eV < m, < 0.12 eV via the type-I seesaw mechanism [77,78].

neutrinos [76]. The existing searches are performed via
only searching for the processes involving RH neutrinos
within the vYMSM, such as the pp — W — NI processes,
since there exists at least one light neutrino with a mass
within the range 0.01 eV < m, < 0.12 eV from neutrino
oscillation experiments and cosmological observations
[77,78]. We indicate the parameter space predicted by

the type-I seesaw mechanism, i.e., V;y & \/m,/my, as the
light blue shaded band (“seesaw band”). To test the type-I
seesaw mechanism, the sensitivity reach of the detectors
needs to cover the seesaw band. From Fig. 7, all of the
sensitivity reach of the detectors for displaced RH neutrinos
covers the region from left top to right bottom corner,
basically follows the curves of certain proper decay length
of the N.

When performing the DMJ and Timing analyses, the
CMS/ATLAS detectors can be sensitive to a large param-
eter space extending from V,y ~ 1072 to 107>, roughly
filling the region between the current best limits and the
seesaw band. They can only probe a part of the seesaw
region when my 2 25 GeV. The DMIJ analysis has a
threshold on the my, which is due to the p;(j) >
120 GeV cut. The sensitivity should recover for very light
N, near my ~ 3 GeV. The sensitivity covers a larger range
in V,y for heavier N, since the penalty in the production
cross section is not competitive with the gain in kinematical
efficiencies. The Timing analysis with the p;(j) >
120 GeV threshold (Timing 120) is sensitive to a similar
parameter space, and only lacks reach for larger V,y
compared to the DMJ analysis due to the L,, > 0.05 m

requirement from the timing layer. Lowering the pz(j)
threshold to 30 GeV (Timing 30) helps to reach a much
larger parameter space, for both lighter N and lower V.
The latter is due to the larger cross section. However, this
should allow us to reach larger V,,y as well. But, as shown
in the right panel of Fig. 6, the pr(j) > 30 GeV cut
selects more RH neutrinos with lower Lorentz factors
and therefore shorter lab decay lengths. The gain in cross
section is canceled by the lower geometrical efficiencies, as
the lab decay length of RH neutrinos becomes too short to
be captured by the timing layer at the upper edge of the
reach in V,y. As for testing the seesaw mechanism, the
Timing 30 analysis can fully cover the seesaw band
for my = 10 GeV.

The displaced-vertex search at the LHCb roughly reach
the similar region to the DMIJ analysis of CMS/ATLAS,
except the upper edge in V5 due to the L,, > 0.005 m
requirement. The LHCb analysis can capture softer RH
neutrinos, enlarging the kinematical efficiencies; however,
this is canceled by the 10 times smaller integrated lumi-
nosity of the LHCb IP.

The proposed far detectors are expected to be more
sensitive to long-lived RH neutrinos, and probe smaller
V- Nonetheless, FASER and MoEDAL-MAPP (which
are still being installed) as well as CODEX-b have shown
negligible sensitivity in the whole parameter space. As
described in the right panel of Fig. 4, FASER is placed too
far forward, such that the RH neutrinos we considered are
not captured. Since a RH neutrino mass my = m,/4 >
2.5 GeV is chosen, RH neutrinos can travel in more
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forward directions if the s or NV is lighter. Such ab s should
be produced by rare meson decays, and we leave this topic
for future works. MOEDAL-MAPP and CODEX-b fail to
probe any parameter space because of the low luminosity of
the LHCb IP and its small angle coverage, as shown in the
right panel of Fig. 4.

The FACET detector, placed at a very forward direction
of CMS, can probe light RH neutrinos with my <5 GeV.
However, its reach is already covered by the Timing 30
analysis and is far away from the seesaw band. Moving
to the MATHUSLA detector, due to its large length to
the IP, it is sensitive to very long-lived N and therefore
small mixings V,y, covering the seesaw band from
5 GeV < my <25 GeV. The lower end of the sensitivity
of MATHUSLA can reach V,y ~ 1077, exceeding other
detectors by at least 1 order of magnitude, except for the
Timing 30 analysis, as it has yield similar reach.

VI. CONCLUSION

The discovery of tiny neutrino masses indicates strong
evidence for physics beyond the SM. The type-I seesaw
mechanism is one of the most elegant ways to explain such
neutrino masses by adding RH neutrinos. With the lepto-
genesis mechanism, RH neutrinos can also serve as the
source of the baryon asymmetry of the Universe. Therefore,
they have become one of the most attractive particles to
look for in experiments.

Nevertheless, the searches for RH neutrinos at the LHC
cannot explore the seesaw mechanism, due to the sup-
pressed production of RH neutrinos from the SM W/Z
boson decays. While the original type-I seesaw mechanism
does not explain the origin of the Majorana masses, they
can be generated by the spontaneous symmetry breaking of
the B — L symmetry. This introduces an additional pro-
duction of RH neutrinos via the decay of the B — L scalar.
Such channel is rarely investigated while still experimen-
tally allowed, so we focused on this channel and considered
the muon flavor of RH neutrinos.

The type-I seesaw mechanism predicts long-lived RH
neutrinos, which lead to a displaced-vertex signature.
Aiming at this distinct signature, we considered searches
for displaced RH neutrinos at the HL-LHC by using
displaced muon jets, the time-delayed analyses at
CMS/ATLAS, and the displaced-vertex analyses at the
LHCb, FASER, MOEDAL-MAPP, CODEX-b, FACET,
and MATHUSLA detectors.

We determined the sensitivity of the HL-LHC of the
above detectors for the channel pp — s — NN. The scalar
s is chosen to be lighter than the observed Higgs,
10 GeV < my; < 125 GeV, and it is produced via mixing
with the SM Higgs, with the mixing angle fixed at
sin @ = 0.06. Measurements of the Higgs properties at
the proposed Higgs factories might lead to more stringent
limits on the Higgs mixing angle, such as sin o < 0.01.
Nevertheless, we can still expect a positive sensitivity, as

the cross section is expected to decrease by only 10 times at
most, as shown in the right panel of Fig. 2, since the
branching ratio of s - NN becomes larger for smaller
mixings. A lighter s is also possible, mainly through meson
decays, which we leave to future work.

Among the detectors, FASER, MoEDAL-MAPP, and
CODEX-b do not show any sensitivity to the regions of
interest where 2.5 GeV < my < 30 GeV, while FACET
can only probe the small region my <5 GeV. CMS
and LHCb are sensitive to my = 5 GeV, which roughly
fills the region between the current best limits and the
seesaw region. Without equipping far detectors, lowering
the pr threshold of the timing analysis can already
help CMS/ATLAS to test the seesaw mechanism for

~ 2 10 GeV, and achieve the active-sterile mixings as
low as Vun ~ 107, which is comparable to MATHUSLA.
However, MATHUSLA can still show better sensitivity for
the seesaw region of lighter N.

Therefore, by performing searches for displaced RH
neutrinos from the light B — L scalar at the HL-LHC, we
can test the type-I seesaw mechanism in a large parameter
space, with the help of the precision timing information of
CMS/ATLAS or the large MATHUSLA detector on the
surface. As this scenario is very similar to that in Ref. [30],
where RH neutrinos are instead produced via the B — L
gauge boson, a comparison can be made to understand the
different phenomenology induced by the nature of the
mediator. Indeed, RH neutrinos produced from gauge
boson decay are more likely to be distributed in very
forward directions compared to those from the scalar. This
means that forward detectors like FASER and FACET are
more sensitive to the new physics from the exotic gauge
boson.
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APPENDIX: CALCULATION OF THE
TIMING INFORMATION

The time delay of the N decay products can be expressed
as At=ly/vy + ls/c —Ilgy/c, where for simplicity we
have assumed that the decay products travel at the speed of
light ¢ [72] in a straight line, and [y ; g\ are the distances
that N, [, and the other SM particles travel. According to
Ref. [18], I, and Igy; can be obtained as functions of I,
Oy, and ¢y, as
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in 0
=1y, /sin(r—0,) — [y——N__
4 Tg/ sin (7[ f) N sin (7[ _ 0/) ’

L, = (I,sin O, sin ¢, I, sin 0, cos ¢, 1, cos 0,).
|l;sin 0,| ~ |l|L|0 sin Oy / cos (¢, — py)
TN = (Ly sin Oy sin ¢y, Ly sin Oy cos Py, [y cos Oy),

, (A1)

’

ZSM = ZN + 757 lsv = |ZSM

where ), , is the angle between the momentum of the N, ¢
to the beam line, ¢ , is the angle between the momentum
of the N, 7 to the x axis, l‘} is the length of the parallel
component of /, to the beam axis, and /7, = 1.17 m for the
MIP timing detector [79]. Once we get Iy, Oy », and ¢y »

from the Monte Carlo simulation, the time delay can be
calculated.
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