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We investigate the pair production of right-handed neutrinos mediated by a Z0 mainly from the meson
decays at the FASER detector of the HL-LHC. The Z0 can be the additional gauge boson in either the
Uð1ÞB−L or sterile ν-specific Uð1Þs model. Taking the gauge coupling or the kinetic mixing at the current
limits, we analyze the sensitivity to the masses of the heavy neutrinos, MN , and active-sterile mixing,
jVlN j2, of FASER2. In a background-free scenario, for theUð1ÞB−L case, FASER2 is able to probe jVlN j2 ≈
10−8 when MN ∼ 0.3 GeV, which is comparable to the current limits from the beam dump experiments.
When comes to the Uð1Þs model, FASER2 can probe jVlN j2 ≈ 10−10, which is better than the current limits
for at least one magnitude, in all three flavors. A proposed long-lived particle detector, FACET, is also
studied, but no significant difference from FASER2 is derived.
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I. INTRODUCTION

In the Standard Model (SM), neutrinos are predicted to
be massless fermions. Nevertheless, tiny neutrino masses
have been observed at neutrino oscillation experiments,
pointing the existence of the physics beyond the SM [1,2].
To explain the mass of neutrino, the seesaw mechanisms
were proposed, arguing that neutrino masses are produced
by adding massive right-handed neutrinos (RHNs). In this
way the Dirac and Majorana mass terms can be added,
thus giving the light neutrino mass with natural Yukawa
couplings.
The RHNs can mix to the active neutrinos via the mixing

VlN , and mν ∼ VlN
2MN according to the canonical type-I

seesaw. Various theoretical and experimental studies have
been done to search for RHNs [3–28]. From the existing
experiments, including the ones from beam-dump and
collider experiments, the current limits set jVlN j2 ≲ 10−8

for RHNs with masses of Oð0.1Þ GeV [29]. In such case,
the RHNs can be long-lived particles (LLPs), and hence can
lead to unique signatures at the LHC, with final states
produced meters away from the interaction points.

Several detectors at the LHC aiming to detect such LLPs,
have been proposed, including FASER [30], FACET [31],
MATHUSLA [32], MoEDAL-MAPP [33], CODEX-b
[34], ANUBIS [35], etc. Among them, FASER and
MoEDAL-MAPP are already operating and others are still
in discussions. Investigation of how to use these detectors
to probe the RHNs have already been done in the existing
literature. For example, Ref. [36] studied the RHNs from
meson decays at the FASER.
On the other hand, the seesaw mechanism can be

incorporated into ultraviolet-complete models, with the
Uð1ÞB−L model being one of the simplest [37,38]. In such
a model, a B − L gauge boson, Z0 is also introduced which
can be coupled to the quarks, and hence mesons. Therefore,
Z0 can be probed frommeson decays at the FASER, as done
in Ref. [39]. As the Z0 can decay into RHNs, so the Z0 →
NN processes have also been used to probe the RHNs at the
LHC [21], as well as the FCC-hh [22]. Similar processes
have also been considered in Refs. [40,41] at FASER for
the sterile ν-specific Uð1Þs model, where the Z0 is domi-
nantly produced from bremsstrahlung process and scatter-
ings off electrons. Since it has not been discussed in detail,
it becomes interesting to investigate the possibility of using
Z0-mediated RHNs from meson decays at the FASER for
both the Uð1ÞB−L and Uð1Þs models. In this situation, the
rates of the RHN events should also depend on the coupling
or the kinetic mixings, in addition to the MN and jVlN j2.
In this work, we study the sensitivity of FASER to the

RHNs in the parameter space of (MN ,jVlN j2), via the
processes, meson → Z0 → NN (including bremsstrahlung),
at the high-luminosity runs of the LHC (HL-LHC), with
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L ¼ 3000 fb−1. In addition to the original Uð1ÞB−L model,
we also consider the case where the Z0 is assumed to
strongly interact with the RHNs, with gX ¼ 1, while feebly
to the SM particles, so-called the sterile ν-specific Uð1Þs
model. These processes are sensitive to the RHNs with
0.1 GeV < MN < 10 GeV. We have taken the masses of
the Z0 from 0.5–2.5 GeV or fixed MZ0 ¼ 3MN . The gauge
couplings or the kinetic mixings are taken at its maximal
allowed value. The sensitivity of FACET is also studied,
with no significant difference to the FASER obtained.
The paper is organized as follows, in Sec. II, we briefly

review the Uð1ÞB−L as well as the Uð1Þs model. Next, we
introduce the analyses of the signal events in Sec. III. In
Sec. IV, we show the resulting FASER sensitivity for
different flavors. Finally, we conclude in Sec. V.

II. MODEL

A. Uð1ÞB−L model

The relevant Lagrangian for the Z0 and RHNs in the
Uð1ÞB−L model is [42,43]

L ⊃ yNN̄cNχ þ yDL̄NH̃ þ gB−LYB−Lf̄γμZ0f

þ gB−LYB−LN̄γμZ0N þ H:c:; ð1Þ

with H̃ ¼ iσ2H�, N are the RHNs, f is the SM fermions
plus the RHNs, YB−L is the Uð1ÞB−L quantum number and
χ is the B − L scalar.
After the spontaneous symmetry breaking of the

Uð1ÞB−L and the SM, the completed mass matrix of the
N can be written as

M ¼
�

0 mD

mD mR

�
; ð2Þ

where

mD ¼ yDffiffiffi
2

p v; mR ¼
ffiffiffi
2

p
yNx; ð3Þ

with x being the vacuum expectation value of the B − L
scalar.
In the seesaw limit where the masses of RHNs are much

larger than the active neutrinos, i.e., mR ≫ mD, their
masses are approximately,

mν ∼ −mDm−1
R mT

D; MN ∼mR; ð4Þ

which recovers the type-I seesaw.
The flavor and mass eigenstates of the light and heavy

neutrinos are connected as

�
νL

νR

�
¼

�
VLL VLR

VRL VRR

��
ν

N

�
; ð5Þ

where VLL ≈UPMNS and VRR ∼ 1, so the states of the heavy
neutrinos and RHNs are roughly the same. The active-
sterile mixings VLR ¼ VLR ≡ VlN , control the interaction
of the RHNs to the active neutrinos.
Now we move to the Z0, which has been searched for in

various experiments. In our parameter space of interest,
with MZ0 ∼OðGeVÞ, the current limits show gB−L ≲ 2 ×
10−4 [44] as we take the maximal allowed value to get an
optimistic sensitivity.
For our main processes, meson → Z0 → NN, the

Feynman diagram is shown in Fig. 1. The dominant mesons
are the neutral pseudocscalar, π0 and η at the LHC, whereas
the direct production of the Z0 via bremsstrahlung is also
considered. Since the RHN pairs are produced from the on
shell decays of the Z0, the cross section of the signal
processes can be estimated as

σS ¼ σðπ0=η → Z0γÞ × BRðZ0 → NNÞ; ð6Þ

where [39]

σðπ0=η → Z0γÞ ¼ σM × 2ðgB−L=eÞ2 × BRðπ0=η → γγÞ
× ð1 −M2

Z0=m2
π0=ηÞ3; ð7Þ

where σM is the cross section of mesons(π0; η) and
BRðZ0 → NNÞ ≈ 10% for each flavors of N as taken from
Ref. [21]. Z0 can also be produced via proton bremsstrah-
lung, and the cross section of the signal processes can be
estimated as

σS ¼ σB × BRðZ0 → NNÞ; ð8Þ

where σB is the cross section of Z0 produced from
bremsstrahlung. Since we focus on the light RHNs, the
production from Drell-Yan processes is negligible.
The N subsequently decay dominantly via three-body

decays by an off shell W=Z boson. The expression of
the decay width for N dominantly coupled to l1 flavor
reads [45]

ΓðN → l−1 l
þ
2 νl2Þ ¼ jVl1N j2

G2
F

192π3
M5

NI1ðyl1 ; yνl2 ; yl2Þ
× ð1 − δl1l2Þ; ð9Þ

FIG. 1. The Feynman diagram of the processmeson→Z0→NN.
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ΓðN → νl1l
−
2 l

þ
2 Þ ¼ jVl1N j2

G2
F

96π3
M5

N ½ðglLglR þ δl1l2g
l
RÞ

× I2ðyνl1 ; yl2 ; yl2Þ ð10Þ

þ ððglLÞ2 þ ðglRÞ2 þ δl1l2ð1þ 2glLÞÞ
× I1ðyνl1 ; yl2 ; yl2Þ�; ð11Þ

X
l2¼e;μ;τ

ΓðN → νl1νl2 ν̄l2Þ ¼ jVl1N j2
G2

F

96π3
M5

N; ð12Þ

ΓðN→ l−1P
þÞ¼ jVl1N j2

G2
F

16π
M3

Nf
2
PjVPj2FPðyl1 ;yPÞ; ð13Þ

ΓðN → νl1P
0Þ ¼ jVl1N j2

G2
F

64π
M3

Nf
2
Pð1 − y2PÞ2; ð14Þ

ΓðN→ l−1V
þÞ¼ jVl1N j2

G2
F

16π
M3

Nf
2
V jVV j2FVðyl1 ;yVÞ; ð15Þ

ΓðN → νl1V
0Þ ¼ jVl1N j2

G2
F

2π
M3

N f2V κ
2
Vð1 − y2VÞ2ð1þ 2y2VÞ;

ð16Þ

where the kinematic functions Ið1;2Þðx; y; zÞ, FP;Vðx; yÞ,
leptonic couplings glðL;RÞ, and meson decay constant fðP;VÞ
are given in Ref. [45], and yi ≡mi=MN , with mi ¼
mP;mV;ml; mq.

B. Sterile ν-specific Uð1Þs model

The relevant Lagrangian for the Z0 and Dirac RHNs in
the Uð1Þs model is [41,42]

L ⊃ ysN̄vsϕ† þ yDL̄NH̃ þ gXϵ cos θWQf̄γμZ0f

þ gXN̄γμZ0N þ H:c:; ð17Þ

with H̃ ¼ iσ2H�, N the RHNs, and f being the SM
fermions. Y is the quantum number and χ is SM singlet
scalar field.

The cross section of the signal processes now depend on
the mixing ϵ,

σðπ0=η → Z0γÞ ¼ σM × 2ϵ2 × BRðπ0=η → γγÞ
× ð1 −M2

Z0=m2
π0=ηÞ3; ð18Þ

and the current limit points ϵ≲ 6 × 10−4 in our parameter
space [39].
In this model, we can have gX ∼ 1 ≫ ϵ; therefore, the

BRðZ0 → NNÞ ≈ 100%, if only one flavor of N is coupled
to the Z0. Instead of decaying via an off shellW=Z boson at
the Uð1ÞB−L model, now the major decay channel is via an
off shell Z0. Hence, the decay length of N in this model can
be much smaller than the Uð1ÞB−L model for fixed jVlN j2.
The decay channels via an off shell Z0 can be expressed as

ΓðN → νl1l
−
2 l

þ
2 Þ ¼ jVl1N j2

G2
Xϵ

2

48π3
M5

N ½I2ðyνl1 ; yl2 ; yl2Þ
þ 2I1ðyνl1 ; yl2 ; yl2Þ�; ð19Þ

X
l2¼e;μ;τ

ΓðN → νl1νl2 ν̄l2Þ ¼ jVl1N j2
G2

Xϵ
2

48π3
M5

N; ð20Þ

ΓðN → νl1P
0Þ ¼ jVl1N j2

G2
Xϵ

2

32π
M3

Nf
2
Pð1 − y2PÞ2; ð21Þ

ΓðN→ νl1V
0Þ ¼ jVl1N j2

G2
Xϵ

2

π
M3

Nf
2
Vκ

2
Vð1− y2VÞ2ð1þ 2y2VÞ;

ð22Þ

where GX ¼ g2X=ð4
ffiffiffi
2

p
M2

Z0 Þ.
In Fig. 2 (left), we show the decay length of N for the

Uð1ÞB−L and the Uð1Þs model, respectively, where we fix
ϵ ¼ 6 × 10−4 at the current limit, gX ¼ 1 and jVlN j2¼10−7.
For the Uð1ÞB−L model, in principle, the RHNs can also
decay via an off shell Z0. Nevertheless, as we take
gB−L ≪ e, the decay width is negligible compared to the
weak decays [46]. Therefore, the decay width is only
dependent on jVlN j2. For the Uð1Þs model, we take gX ¼ 1,

FIG. 2. Left: The decay length of the N for theUð1ÞB−L andUð1Þs model. Right: The branching ratio of the N decays into visible final
states for the two models. We fix jVlN j2 ¼ 10−7, where l ¼ e, μ, τ, and N only couple to one flavor each, and ϵ ¼ 6 × 10−4, gX ¼ 1.
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andMZ0 ≪ MZ, hence N decays via an off shell Z0, and the
decay width is dependent on both jVlN j2 as well as ϵ and
gX. WhenMN ≲ 1 GeV, LðNÞ in theUð1ÞB−L is larger than
the Uð1Þs case, while it becomes the opposite when
MN ≳ 1 GeV.
The branching ratio of the N decays into visible final

states for the Uð1ÞB−L and Uð1Þs models is shown in Fig. 2
(right). This is relevant to estimate the potential signal
yield, as the experiments are more likely to observe visible
final states, other than the ννν final states. In the figure, we
find that, once the N is heavier than light hadrons, e.g., π
and η, BRðN → visÞ≳ 90% for the Uð1ÞB−L model and
above 80% for the Uð1Þs model.

III. ANALYSES

Now we estimate the number of signal events at the
FASER, which should be

NS ¼ σðπ0=η → Z0γÞ × BRðZ0 → N NÞ × BR2ðN → visÞ
× P × L; ð23Þ

where the P is of possibility of N decay inside the FASER
volume, which is a function of momentum of the N and θ
(the angle of the momentum and the beam line).

Pðp; θÞ ¼ ðe−ðL−ΔÞ=d − e−L=dÞΘðR − tan θLÞ

≈
Δ
d
e−L=dΘðR − θLÞ; ð24Þ

where L is the distance of the FASER to the interaction
point, Δ is the depth of the FASER volume, d is the lab
decay length of the N, and R is the radius of the FASER.
The lab decay length takes account the Lorentz boost
factor, d ¼ cτβγ ¼ cτ × p=MN .
Since p, θ of the N is a distribution, the number of signal

events becomes

NS ¼ L
Z

dpdθ
dσ

dpdθ
× Pðp; θÞ: ð25Þ

The FASER detector is going to be operated in two
phases [30,47],

FASER1∶ L ¼ 480 m;Δ ¼ 1.5 m; R ¼ 10 cm;

L ¼ 150 fb−1;

FASER2∶ L ¼ 480 m;Δ ¼ 10 m; R ¼ 1 m;

L ¼ 3 ab−1: ð26Þ

Since the volume of FASER1 is too small, in the following
calculation, we focus on the FASER2 setup. There is also a
trigger requirement on the RHNs, such that p > 100 GeV.

We also consider the FACET detector [48], with

FACET∶ L ¼ 101 m;Δ ¼ 11 m; R ¼ 0.18 − 0.5 m;

L ¼ 3 ab−1: ð27Þ

In order to estimate the number of signal events via the
aforementioned methods, we use the FORESEE PYTHON

package in Ref. [39]. The kinematic distribution of various
mesons in the one forward hemisphere have already been
stored in the FORESEE package. Once we provide the
formulas for the production of the Z0 from mesons as well
as bremsstrahlung, the package can output the differential
spectra [dσðM → Z0Þ=dpZ0d cos θZ0 ] of the Z0, where pZ0 is
the 3-momentum and θZ0 is the polar angle. The kinematic
distribution of the Z0 is shown in Fig. 3. As Z0 decays into
two identical N, pN ≈ pZ0=2 and θN ≈ θZ0 , since pN ≫ MN
in the forward direction. Therefore, the distribution of the
p, θ for the N should be very similar to the ones for the Z0.
From Fig. 3, we can see that, since Z0 is mainly produced
via the decays of mesons, therefore their transverse
momentum pT ∼ ΛQCD, that is why most of the particles
are distributed at the forward direction. For the FASER2
location where θ ∼ 2 × 10−3 and the trigger requirement is
p > 100 GeV; there are still hundreds of events, and we
use Eq. (25) to estimate the number of signal events at the
FASER2.

IV. RESULTS AND DISCUSSIONS

In this section, we show the expected sensitivity of
FASER2 to the right-handed neutrinos in the selected
parameter space. We take 3000 fb−1 integrated luminosity
for FASER2. Since the N can decay into pairs of visible
particles, their vertex can be reconstructed at the FASER2.
The detectors are shields from hundreds of meters from the
IP of the LHC, so the background in this case is negligible;
hence we only require NS > 3 to define the sensitivity at
95% confidence level.

FIG. 3. The spectrum of themomentum,p and angle to the beam
axis θ for the Z0, with MZ0 ¼ 0.1 GeV and gB−L ¼ 2 × 10−4,
generated by using the FORESEE package [39].
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Overall, the number of the signal events depends on four
free parameters, (MN , jVlN j2, MZ0 , gB−L=ϵ). In order to
probe the RHNs, i.e., to obtain sensitivity in the (MN ,
jVlN j2) plane, we need to fix the MZ0 and gB−L=ϵ. As
mentioned in the text, we always fix the coupling or the
mixing gB−L=ϵ at the maximally allowed values by the
current limits. For MZ0, we begin with fixed values of
0.5 GeV, 1.0 GeV, 1.4 GeV, 2.0 GeV, and 5.0 GeV, and
followed by fixed ratios of MZ0 ¼ 3MN .
In Fig. 4 we show the sensitivity on the (MN , jVeNj2)

plane, for both theUð1ÞB−L (left) andUð1Þs (right) models.
The solid curves represent the fixed values of the proper
decay length ofN, LðNÞ ¼ 102;4;6, and 480 meters which is
the distance from the FASER2 to the LHC’s IP are overlaid
for comparison. Since the N is largely boosted at the
forward direction, the lab decay length can even be much
larger, e.g., by 103 times. For the Uð1ÞB−L model, the best
sensitivity is obtained as jVeN j2 ∼ 10−7 where MN ≈
0.3 GeV when MZ0 ¼ 1ð1.4Þ GeV. In such a scenario,
the Z0 is heavy enough to let the N have its decay length
close to the FASER2’s distance to the IP, and not so heavy
so the Z0 cannot be produced by meson decays and
bremsstrahlung. When it comes to the Uð1Þs model, it
benefits from the decay length of the N being much closer
to the FASER2 for fixed jVeN j2 and larger decay branching
ratio from Z0, now we can get almost three times better
sensitivity as we approach jVeNj2 ∼ 10−10, where MN ≈
0.5 GeV when MZ0 ¼ 1 GeV.
Now we move to the scenarios where we fix

MZ0 ¼ 3MN . The results are shown in Figs. 5–7, where
the results are compared with the current limits from
different existing experiments for the RHNs to be domi-
nated coupled to e, μ, and τ leptons, respectively. In our

parameter space, for the electron flavor, the most powerful
existing constraints come from the beam dump
experiments NA62 [49] as well as T2K [50], mainly from
the process K → lN, l ¼ e, μ, and hence is sensitive to
MN ≈mK ≈ 0.5 GeV. Both of the detectors are putOð102Þ
meters away from the beam, similar to the FASER. Other
beam dump experiments, PIENU [51], BEBC [52], and
PS191 [53] also searched for the RHNs, whereas their
constraints are not competitive as the aforementioned ones.
Nevertheless, the PS191 and PIENU searched the π → lN,
and BEBC searched the τ → XXN, thus can be sensitive to
MN ≲ 0.2 GeV andMN ≳ 0.5 GeV which is not probed by
NA62 and T2K. In addition, the RHNs have also been
searched via the direct production at electron-positron

FIG. 4. Left: The sensitivity on the (MN , jVeN j2) plane of FASER2, for the Uð1ÞB−L model. We fixed MZ0 ¼ 0.5 GeV;
1.0 GeV; 1.4 GeV; 2.0 GeV; 2.5 GeV , as indicated by red, green, yellow, blue, and pink bands, respectively. The curves represent
the fixed values of the proper decay length ofN, LðNÞ ¼ 102;4;6, and 480 meters which is the distance from the FASER2 to the LHC’s IP
are overlaid for comparison. The gauge coupling is fixed at gB−L ¼ 2 × 10−4. Right: The same but for the Uð1Þs model, and the kinetic
mixing is fixed at ϵ ¼ 6 × 10−4.

FIG. 5. The sensitivity on the (MN; jVlN j2) of the FASER2 for
the Uð1ÞB−L (dashed black) and Uð1Þs (dashed red) model, when
l ¼ e. Current limits from NA62 [49], T2K [50], PIENU [51],
DELPHI [54], CMS [59], BEBC [52], and PS191 [53] are
overlaid for comparison.
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colliders, eþe− → Z → Nν at the DELPHI experiment at
the LEP [54]. When it comes to the muon flavor, the
different masses of the muon and electron translate the
constraints to the lowerMN. In addition, KEK [55], NuTeV
[56], and MicroBooNE [57] also searched for RHNs with
the muon flavor. For the tau flavor only a few experiments,
including T2K, BEBC, DELPHI, as well as the lepton
universality test [58] are available with much looser
constraints, since the tau lepton is hard to detect.
Unlike the case for fixedMZ0 , now the kinematics thresh-

old requiring Z0 to decay into two Ns is spontaneously
satisfied; hence, the reach to the mass of the Ns extends to
wider regions. Despite the different reconstruction efficien-
cies for the leptons at the FASER2 which are yet unknown,
the sensitivity from the FASER2 should not depend on the
flavor of theRHNs. For theUð1ÞB−L model, the sensitivity of
the FASER2 reaches the lowest jVlN j2 ≈ 10−8 when
MN ∼ 0.3 GeV, so that theZ0 is roughly resonantly produced
by the decay of the η meson. The sensitivity of jVlN j2

becomes drastically worse to jVlN j2 ≈ 10−5 when we move
to the lower and larger MN, since either the decay length is
too large or the production cross section is too small.
For the Uð1ÞB−L model, comparing it to the existing

experiments on the electron flavor of the RHN, FASER2
roughly has the same sensitivity to the ones from the NA62
and T2K. When we consider RHNs heavier than mK , the
sensitivity of the FASER2 exceeds the current best limits
from the BEBC. The situation is similar on the muon flavor,
only now current best limits for RHNs heavier than mK is
from the NuTeV and also has been exceeded by the
FASER2 via Z0 decays. When it comes to the τ flavor,
since the decay channel N → τ−XX is forbidden in most of
our parameter space of interest, the decay length of the N
becomes much larger so the sensitivity can only reach
larger V2

lN, which is close to the current limits as well.
As mentioned, in the Uð1Þs model the FASER2 should

have much better sensitivity on the active-sterile mixings
jVlN j2. As indicated by the red dashed lines in Figs. 5–7,
the FASER2 can now probe the mixing as low as
jVlN j2 ∼ 10−10, which is roughly two magnitudes better
than the ones in the Uð1ÞB−L model. This is better than the
current limits for all three flavors of the RHNs; now the
FASER2 is sensitive to MN as low as 0.01 GeV, as
the decay length for such light N is no longer dependant
on the mass of N, but is dependant on the kinetic mixing ϵ
in this model. Hence, in this case, the FASER2 has shown
positive potential to reveal the origin of the neutrino mass
problem, i.e., probing the RHNs. However, for the existing
beam dump experiments, in order to get the right sensi-
tivity, recasting should be done to consider the different
decay lengths of N in the appearance of the Uð1Þs Z0.

V. CONCLUSION

The seesaw mechanism as explained in the neutrino
oscillation experiment, the important goal of the study
of neutrino mass is to find the right-handed neutrino.
According to the seesaw mechanism, mν ∼ jVlN j2MN
[21]; hence, at the current limits for sub-GeV RHNs, they
can be regarded as long-lived particles. The goal of our
work is to look for RHNs and to estimate the sensitivity of
the far detector FASER2 to the RHNs.
In this work we explore the sensitivity of FASER2

detector to the RHNs in meson → Z0 → NN channel. Both
the Uð1ÞB−L and sterile ν-specific Uð1Þs models are
considered. In the former model, the Z0 couples to all
the fermion with the same gauge coupling, which we fixed
at gB−L ¼ 2 × 10−4. While for the latter one, the Z0
coupling to the RHNs can be sufficiently higher than the
ones for SM fermions, gX ∼ 1 ≫ ϵ ¼ 6 × 10−4. Hence, in
the Uð1Þs model, the Z0 almost only decay into RHNs, and
the decay of the RHNs is dominated by a off shell Z0. For
similar couplings and jVlN j2, the branching ratio of Z0 to
the RHNs is higher, and the decay length of the RHNs is

FIG. 7. The same as Fig. 5, but for l ¼ τ. Current limits from
T2K [50], BEBC [52], DELPHI [54], and the lepton universality
test [58].

FIG. 6. The same as Fig. 5, but for l ¼ μ. Current limits from
NA62 [49], T2K [50], PIENU [51], DELPHI [54], PS191 [53],
KEK [55], NuTeV [56], and MicroBooNE [57] are overlaid for
comparison.
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shorter and closer to the distance of the FASER2 to the IP
if MN ≲ 1 GeV.
Two scenarios of the masses of Z0 are discussed. In the

first one, the masses are fixed at MZ0 ¼ 0.5 GeV, 1.0 GeV,
1.4 GeV, 2.0 GeV, and 5.0 GeV. In the second one, the ratio
between the masses of the RHNs and Z0 is fixed at
MZ0 ¼ 3MN . In both scenarios, we estimate the number
of signal events after considering the decay length of the
RHNs, and the geometrical information of the volume of
the FASER2. With no background assumption, sensitivity
to the ðMN; jVlN j2Þ is obtained by asking NS > 3.
We then compare our results with existing limits.

Depending on the dominated couplings to the leptons of
the RHNs, the current limits can be classified into three
categories, the limits on jVeNj2, jVμN j2, and jVτN j2,
respectively. Figure 5 gives the current constraints of
electron mixing jVeNj2 which has been obtained exper-
imentally. The experiments include PIENU [51], T2K [50],
NA62 [49], BEBC [52], and DELPHI [54]. Figure 6
indicates the current limits on muon mixing jVμN j2 from
NA62 [49], T2K [50], PIENU [51], DELPHI [54], PS191
[53], KEK [55], NuTeV [56], and MicroBooNE [57]. For
the Uð1ÞB−L model, as can be seen from the figures, our
results reach jVlN j2 ∼ 10−8 and are comparable to the
current limits overall. When the mass of N is less than
0.5 GeV (mK), the results obtained by the current experi-
ment are better. However, when the mass of N is more than
0.5 GeV (mK) and less than about 0.6 GeV, our results are
better than the current limits from BEBC/NuTeV. Figure 7
indicates the current limits on tau mixing jVτN j2 from T2K
[50], BEBC [52], DELPHI [54], and the lepton universality
test [58]. Now the current limits as well as the limits in this
paper are rather poor since the decay into τ leptons final
states is kinematically forbidden, and N are too long-lived
to be detected by the FASER detector. When we move to
the Uð1Þs model, the gain in larger N production from Z0
decay, and closer decay length to the FASER2’s volume
lead to about two magnitudes better sensitivity on jVlN j2.

For much lighter N with MN < 0.1 GeV, since the decay
length is controlled by the kinetic mixing ϵ instead
of MN , the sensitivity curves become roughly constant at
jVlN j2 ∼ 10−10, where all the current limits can not reach.
We have shown that in certain scenarios FASER can

yield better sensitivity than the current limits. However, the
current limits are performed by sterile neutrinos only
models, such that the RHNs are directly produced via
the mixing from the weak decays, etc. Proper comparison
between different detectors can be made if all the limits can
be recast to the same model. However, even though the
recast of the production can be feasible, the kinematic and
detector efficiencies still require full Monte Carlo simu-
lation, which we leave for future works.
We have obtained similar sensitivity from FACET,

comparing to the FASER. Since the Z0 is dominantly
produced via light mesons π0 and η, Z0 and hence the
RHNs are more likely to distribute in a forward direction
where the FASER located. FACET’s coverage in solid
angle is several times larger although it placed closer to the
transverse direction. Hence, in this study, the overall
effects lead to similar sensitivity for both FACET and
FASER. In a recent work, the processes where the RHNs
are produced via the decays of D and B mesons are
considered [48]. As the RHNs are now produced directly
from massive mesons they are distributed closer to the
transverse direction; hence the FACET turns out to be more
sensitive.
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