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In Uð1ÞR extensions of supersymmetric models, the bino and its Dirac partner, the singlino, can play the
role of right-handed neutrinos. The bino and the singlino form a pseudodirac pair, dubbed the “biνo,”which
can generate Standard Model neutrino masses via the inverse seesaw mechanism. We investigate the
prospects for detecting long-lived biνos at SHiP, where GeV scale biνos can be copiously produced in the
decays of mesons. We show that SHiP can probe new regions of parameter space that are complementary to
searches for the lepton flavor-violating decay μ → eγ. This scenario provides a well-motivated benchmark
for future experiments of a right-handed neutrino that mixes with all Standard Model neutrinos and is
directly related to the generation of neutrino masses.
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I. INTRODUCTION

The observation of neutrino oscillations indicates that at
least two of the Standard Model (SM) neutrinos have
nonzero masses. Measurements of atmospheric, reactor,
solar, and accelerator neutrinos have determined the neu-
trino mass differences and mixing angles to be [1]

Δm2
21 ≃ 7.4 × 10−5 eV2; jΔm2

31j ≃ 2.5 × 10−3 eV2;

sin2θ12 ≃ 0.3; sin2θ23 ≃ 0.45; sin2θ13 ≃ 0.022:

ð1Þ

In the SM, neutrinos are massless and an explanation of
nonzero neutrino masses requires beyond-the-SM (BSM)
physics. A simple way to generate neutrino masses is to
introduce Majorana fermions that are SM gauge singlets
called right-handed neutrinos which lead to a suppression
of SM neutrino masses via the seesaw mechanism [2–5]. In
this mechanism the light neutrino masses are inversely
proportional to the Majorana mass and hence, a very heavy
scale,M ∼ 1016 GeV, is needed to explain the smallness of
SM neutrino masses. In comparison, in the inverse seesaw
mechanism right-handed neutrinos are pseudo-Dirac fer-
mions, with both Majorana and Dirac masses [6–8]. In this
case, light neutrino masses are proportional to the (small)
Majorana mass.

It has been shown that the inverse seesaw mechanism can
be realized in a Uð1ÞR-symmetric minimal supersymmetric
SM (MSSM) [9]. In Uð1ÞR-symmetric MSSM gauginos are
necessarily pseudo-Dirac fermions. The Dirac gaugino
masses are produced via supersoft terms while the
Majorana masses, proportional to the gravitino mass m3=2,
can be produced via anomaly mediation. The pseudo-Dirac
bino can be considered as a pseudo-Dirac right-handed
neutrino, generating the neutrino masses. (The model is
described in more detail in the next section.) Such a bino is
called “biνo” to stress the neutrino connection. Light
neutrino masses in this model are proportional to the ratio
of the gravitino mass over the messenger scale ΛM. Low
energy observables like BRðμ → eγÞ give a constraint of
ΛM ≳ 35 TeV. For ΛM ∼Oð100 TeVÞ, generating the cor-
rect neutrino mixing parameters requiresm3=2∼Oð10 keVÞ.
The biνo model also provides rich collider phenomenol-

ogy [10,11]. Since the biνomixeswith neutrinos, it decays to
a mixture of leptons, quarks, and missing energy. If the biνo
is heavier than the weak scale, MB̃ ≳ 90 GeV, and the
messenger scale is not too high, ΛM < 108 TeV, then the
biνo decays promptly. However, if the biνo is light, then it
needs to decay via off shell W=Z or Higgs to a three-body
final state, making it a long-lived particle even for ΛM ¼
100 TeV. In [11] a long-lived biνo signal at MATHUSLA,
FASER, and CODEX-b was studied for MB̃ > 1 GeV.
These earlier collider studies relied on a certain choice of

the supersymmetric mass spectrum: the biνo is the next-to-
lightest supersymmetric particle and all other gauginos are
heavier than the squarks. In this scenario, the biνo is
produced via squark decays. Hence, the constraints are cast
on a combination of the squark mass, the biνo mass, and the
messenger scale. However, if the squark masses are beyond
the reach of high-energy colliders like the LHC, producing
the biνo in large quantities could be challenging.
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Because the biνo mixes with SM neutrinos, it can be
produced in any process where a SM neutrino is produced.
In particular, if they are light enough, then biνos can be
copiously produced in the decays of mesons at high energy
beam dump experiments.1 In addition, biνos can become
long-lived even for relatively low messenger scales. In this
paper, we investigate the prospects for GeV-scale biνos at
beam dump experiments such as the Search for Hidden
Particles experiment (SHiP). We show that the large
production rate of biνos from meson decays enables the
probe of new regions of parameter space that are not
excluded by μ → eγ and big bang nucleosynthesis (BBN)
constraints. Currently, long-lived particle experiments like
SHiP can set the leading exclusion limits for biνo masses in
the ∼1–5 GeV range. Our results are summarized in Fig. 2.
This paper is organized as follows. In Sec. II we

introduce the model and fix our notation. In Sec. III we
briefly describe the SHiP experiment and discuss meson
production in the proton beam dump. The production and
decay phenomenology of the biνo is described in Sec. IV.
The sensitivity of SHiP is discussed in Sec. V. We conclude
in Sec. VII.

II. MODEL

In this section we summarize the relevant parts of the
model we study. The details can be found in [9,10].
In Uð1ÞR-symmetric MSSM, a global Uð1ÞR is imposed

on the supersymmetric sector. The SM particles are not
charged under this symmetry while the supersymmetric
partners carryþ1 Uð1ÞR charges. We work with a modified
version of this model where the global symmetry is instead
Uð1ÞR−L, with L being the lepton number. Due to this
global symmetry, gauginos cannot be Majorana fermions.
In order to give Dirac masses to gauginos, adjoint partners
with Uð1ÞR−L charges of −1 are introduced. For example,
for the bino, B̃, there will be a superfield ΦS whose
fermionic component S, singlino, is a SM singlet with
−1 Uð1ÞR−L charge. (Similarly, there is a tripletino and an
octino as Dirac partners to the weakinos and the gluinos,
respectively.) We only focus on the bino, lepton, and Higgs
superfields here as they are the relevant particle content for
generating the neutrino masses.
We assume supersymmetry is broken in a hidden sector,

via bothF andD terms and ismediated to thevisible sector at
amessenger scaleΛM. Furthermore, as any global symmetry,
Uð1ÞR−L must be broken due to gravity. At the end, binowill
have both a Dirac [13] and a Majorana mass [14,15]:

MB̃ ¼ ci
D
ΛM

; mB̃ ¼ βðgYÞ
gY

m3=2; ð2Þ

where ci is an Oð1Þ coefficient and m3=2 ¼
PðF2

i þ
D2

i =2Þ=
ffiffiffi
3

p
M2

Pl is the gravitino mass.
In [9] it was shown that the following dimension-five and

dimension-six operators,

fi
Λ2
M

Z
d2θW0

αWα
B̃
HuLi;

di
ΛM

Z
d4θϕ†ΦSHuLi; ð3Þ

can generate two nonzero neutrino masses via the inverse
seesaw mechanism. (Here ϕ ¼ 1þ θ2m3=2 is the conformal
compensator.) Together with the mass terms for the bino,
these interactions lead to the following Lagrangian

L⊃MB̃B̃SþMB̃B̃B̃þfi
MB̃;
ΛM

lihuB̃þdi
m3=2

ΛM
lihuS; ð4Þ

where fi and di are determined by the neutrino mass
differences as

fi ≃

0
B@

0.35

0.85

0.35

1
CA; di ≃

0
B@

−0.06
0.44

0.89

1
CA: ð5Þ

After electroweak symmetry breaking the light neutrino
masses are given by

m1 ¼ 0; m2 ¼
m3=2v2

Λ2
M

ð1− ρÞ; m3 ¼
m3=2v2

Λ2
M

ð1þ ρÞ;

ð6Þ

where ρ ≃ 0.7 is determined by the neutrino mass splittings
in Eq. (1). Note, that the coupling of S to SM particles
induced after electroweak symmetry breaking are propor-
tional to the small gravitino mass m3=2 ∼Oð1–10 keVÞ,
and will not play a phenomenological role. Therefore, we
only focus on B̃ which we will call the “biνo” for the rest of
this paper.

III. THE SHiP EXPERIMENT

The SHiP experiment is a proposed proton beam dump
experiment that uses the 400 GeV proton beam at the CERN
Super Proton Synchrotron accelerator to search for long-
lived particles [16–18]. The proton beam extracted from the
Super Proton Synchrotron will be dumped onto a high
density target and provides 2 × 1020 protons on target in
five years of operation. The entire SHiP experiment consists
of a high density target followed by a hadron absorber, a
muon shield, and a neutrino detector that all together have a
length of lsh ¼ 64 m. Immediately following the neutrino
detector is a decay volumewith a lengthldecay ¼ 50 m, and a
Hidden Sector Decay Spectrometer to detect the decay
products of long-lived hidden sector particles.

1Neutralino decays in R-parity violating (RPV) MSSM can
also be probed at experiments like SHiP, see Ref. [12]. The model
we describe here is distinctly different than generic RPV.
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Long-lived particles with MeV-GeV masses can be
produced from the decays of mesons. Because of the high
energy of the proton beam and high density of the target, a
large number of mesons will be produced in the beam dump
when the incoming proton beam collides with the target.
The production of kaons and heavy flavor mesons at SHiP
has been previously studied in [16,19,20].
To determine the number of charged kaons produced at

SHiP, we use the kaon production fractions from [20]. With
a GEANT4 simulation that takes into account production and
propagation of kaons, it was found that ∼8 Kþs and
∼3.5 K−s are produced per proton on target. About half
of these are absorbed in the target, and a large fraction of
the remaining kaons decay at rest. The resulting final states
are isotropic and only a small number of the decay products
will have trajectories that are in the direction of the Hidden
Sector Decay Spectrometer. Therefore, kaons that are
stopped and decay at rest are neglected. The usable kaons
are those that decay in flight and it was found that 0.29 Kþ
and 0.07 K− are produced per proton on target, which can
be used for the production of BSM particles.
The number of heavy flavor mesons produced at SHiP is

given by [16,19]

NM ¼ NPOT × ð2 × Xq̄q × fqcascadeÞ × fðq → MÞ; ð7Þ

where NPOT ¼ 2 × 1020 is the number of protons on target,
Xq̄q is the quark-antiquark production fraction, i.e., the
probability of producing a qq̄ pair in pp collisions,
fqcascadeðq ¼ c; bÞ is a cascade enhancement factor that
takes into account secondary meson production in the
target, and fðq → MÞ is the meson production fraction—
the probability that a quark q will hadronize into a meson
M. Values for these parameters are given in Table I and
detailed discussions can be found in [19,21]. Note that we
only show values for D�

ðsÞ and B�
ðcÞ since these have the

largest branching ratios to biνos above the kaon mass.
The total number of charged mesons produced at SHiP

with NPOT ¼ 2 × 1020 are

NKþ ¼ 5.8 × 1019; NK− ¼ 1.4 × 1019;

ND� ¼ 3.2 × 1017; ND�
s
¼ 1.4 × 1017;

NB� ¼ 4.5 × 1013; NB�
c
¼ 2.8 × 1011; ð8Þ

where we have saturated the upper bound of fðb → B�
c Þ to

calculate NB�
c
. Because of the large number of mesons

produced, SHiP can have remarkable sensitivity to MeV-
GeV-scale BSM particles.

IV. BiνO phenomenology at SHiP

The biνo mixes with the SM neutrinos via interactions
given in (4). After electroweak symmetry breaking, this
mixing will induce couplings of the biνo to the EW gauge
bosons W�; Z, given by

L ⊃
g2ffiffiffi
2

p fi
MB̃

ΛM
Wþ

μ liσ̄
μB̃þ g2

2 cos θW
fi
MB̃

ΛM
Zμνiσ̄

μB̃; ð9Þ

where g2 is the SUð2ÞL coupling constant and θW is the
Weinberg angle. These interactions will allow the biνo to be
produced in any process where a SM neutrino is produced,
and to decay directly to electroweak gauge bosons ifMB̃ >
MW;Z or to SM fermions via off-shell gauge bosons when
MB̃ < MW;Z. Since the mixing parameters fi are fixed by
the observed neutrino mass differences, unlike minimal
heavy neutral lepton (HNL) scenarios, the biνo phenom-
enology is completely determined once the biνo mass MB̃
and the messenger scale ΛM are fixed.

A. Biνo production

In proton beam dump experiments, biνos will be
copiously produced in two- or three-body decays of mesons
in addition to secondary production from the decays of τ�

produced in the decay of D�
s meson. The number of biνos

produced is given by

NB̃ ¼ NiBRði → B̃þ XÞ; ð10Þ

where Ni is the number of mesons, NM, or τ leptons, Nτ,
produced and BRði → B̃þ XÞ is the branching ratio for the
meson or τ� decay to a biνo and final states X. The full
expressions for the branching ratios of meson and τ decays
can be found in [25,26].
In the left plot of Fig. 1 we show the number of biνos

produced at SHiP assuming five years of operation and a
messenger scale ΛM ¼ 1 TeV. Note that, even though it is
excluded by low energy observables, this value of ΛM is
chosen for illustration purposes and for ease of translating
into other new physics scales. We see that the production
rate of the biνo in association with muons (dashed curves)
is typically larger than that of electrons (solid curves) and
tau leptons (dot-dashed curves) since fμ > fe;τ.

B. Biνo decays

Once produced, biνos will decay via the weak inter-
actions into two-body final states, B̃ → l�M, B̃ → νM,
whereM is a meson, and three-body final states, B̃ → ff0νi

TABLE I. Meson production fractions [22], qq̄ production
fractions [23,24], and cascade enhancement factors [21] for the
heavy flavor mesons that are most relevant for biνo production.

fðc → D�Þ 0.207 Xc̄c 1.7 × 10−3

fðc → D�
s Þ 0.088 Xb̄b 1.6 × 10−7

fðb → B�Þ 0.417 fccascade 2.3
fðb → B�

c Þ ≤ 2.6 × 10−3 fbcascade 1.7
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for final state fermions f, f0. The partial widths for the
various decays are given in [25–29]. Note that above
MB̃ ∼ 1 GeV, the decay to hadrons is more appropriately
described by quark production in the final state. Thus, for
MB̃ < 1 GeVwe determine the total hadronic decay rate by
summing partial widths for exclusive decays to mesons.
Above 1 GeV we switch to the inclusive decay rates to
quarks B̃ → qq0ν, following the approach of [25].
In the right plot of Fig. 1 we show the branching ratios

(BRs) as a function of the biνo mass MB̃. The most
promising channels to search for are those involving charged
particles in the final state. The BRs are independent of the
ratioMB̃=ΛM and depend only on the mixing parameters fi,
which are fixed by the neutrino mixing observables. When
MB̃ ≲mπ the most important decay is B̃ → eeν, while in the
region mπ ≲MB̃ ≲ 1 GeV the decays B̃ → e�π∓ and B̃ →
μ�π∓ become dominant. The decay B̃ → μ�ρ∓ becomes
important between 1–2 GeV, while for MB̃ ≳ 2 GeV the
decay B̃ → eμν is the most relevant.
It is important to emphasize that the biνo is directly

related to neutrino mass generation, unlike minimal HNL
scenarios that can be searched for at SHiP.2 As a result, it is
possible to gain insights into the mechanism responsible for
neutrino mass generation if a positive signal involving both
electrons and muons, for example, are observed. Because
the BRs are completely determined by the neutrino mixing
parameters, ratios of BRs could tell us if the new particle is
involved in neutrino mass generation and would be a
smoking gun signal for the model described in Sec. II.

We also emphasize that, unlike RPV SUSY models, the
relavant biνo phenomenology described here does not
depend on sfermion masses. In this way, SHiP will able
to probe this model even if the sfermions are much heavier
than the LHC capabilities.

V. SHiP SENSITIVITY TO BIνO

Given the SHiP experimental setup described in Sec. III,
we can determine the geometrical acceptance and effi-
ciency for detecting the biνo decay products via
Monte Carlo simulation. To determine the geometric
acceptance, we require that the visible final states reach
the detector after the biνo has decayed anywhere in the
decay volume. For a given position z along the decay
volume, we require that the final states enter the detector,
which has x and y dimensions of 5 and 10 m, respectively
[18]. These conditions can be quantified by the following
inequalities [31]:

xf ¼
����
pB̃
x

pB̃
z

zþ pf
x

pf
z
ðlsh þ ldecay − zÞ

���� < 2.5 m;

yf ¼
����
pB̃
y

pB̃
z

zþ pf
y

pf
z
ðlsh þ ldecay − zÞ

���� < 5 m; ð11Þ

where pB̃
x;y;z are the biνo momentum components and pf

x;y;z

are the final state fermion momentum components. Signal
events are chosen to be those in which the biνo decays into
two charged particles in the fiducial decay volume enclosed
by zmin ¼ lsh ¼ 64 m and zmax ¼ lsh þ ldecay ¼ 114 m,
and satisfy the conditions in (11).

FIG. 1. Left: number of biνos produced at SHiP assuming five years of operation andΛM ¼ 1 TeV. (This messenger scale is taken as a
benchmark for comparison to other relevant models.) Right: branching ratios of the biνo into different final states as a function of the
biνo mass MB̃.

2By minimal HNLs we mean the existence of a single HNL
that mixes with only one SM neutrino flavor, which is an
important benchmark for future experimental searches [30].
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The geometric acceptance depends on the location where
the biνo decays. Therefore, the total efficiency is an integral
over the length of the decay volume given by [31]

eff ¼ MB̃Γ
Z

zmax

zmin

dz
X

events∈geom

e−zMB̃Γ=pz

NMCpz
; ð12Þ

where MB̃, Γ, and pz are the mass, decay width, and z
component of the momentum of the biνo, respectively. The
sum is over the events that fall within the geometric
acceptance of the detector, and NMC is the total number
of simulated events. Efficiency plots for minimal HNLs can
be found in [31,32], for example.
Given the production, decay, and efficiency information

discussed above, the total number of signal events is
given by

Nsig ¼ NB̃ × BRðB̃ → iÞ × effi; ð13Þ

where NB̃ is the number of biνos produced in a particular
production mode, BRðB̃ → iÞ is the branching ratio for B̃
decaying to a final states i, and effi is the efficiency for
detecting the final states. Here we assume that the detector
efficiency for reconstructing the charged final states
is 100%.
To determine the reach of SHiP to GeV-scale biνos we

use the median expected exclusion significance [33,34]:

Zexcl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½s − b lnð1þ s=bÞ�

p
; ð14Þ

where s and b are the number of signal and background
events, respectively. For five years of operation, b ¼ 0.1
background events are expected at SHiP [35]. To set
95% C.L. exclusion limits we require Zexcl > 1.645, which
corresponds to s ≈ 2 signal events.
We use two methods to determine the SHiP sensitivity to

GeV-scale long-lived biνos. (i) In the first method, we
perform a Monte Carlo simulation to simulate the produc-
tion and decay of the biνo. For the production, we use
PYTHIA8 [36,37] to simulate a 400 GeV proton beam
striking a proton at rest, and extract the four momenta
of mesons that are produced. We use this output to
determine the lab frame momentum of the biνo.
For two-body decays of the biνo, we can analytically

solve for the final state momenta of its decay products in the
rest frame of the biνo. For three-body decays, we use the
publicly available code muBHNL which uses the differential
decay distributions of HNLs to generate a weighted sample
of final state momenta in the rest frame of the HNL [38–
40]. Note that, for this purpose, a biνo with GeV-scale mass
is a type of HNL with generic mixing with SM neutrinos,
and the kinematic output of muBHNL is directly applicable.
For both two- and three-body decays, we then use the

lab-frame momentum of the biνo to boost the final state
momenta into the lab frame. With the lab-frame momenta

of the biνo and its decay products, we can determine the
geometric acceptance and efficiency using (12), calculate
the signal rate using (13), and find the 95% C.L. exclusion
limits from (14).
For each biνo mass, we consider only the production and

decay mode which leads to the best sensitivity, rather than a
combination of all possible production and decay modes.
These exclusion limits can thus be considered to be
relatively conservative.
(ii) The second method we employ to obtain exclusion

limits is by using the Mathematica based package
HNL@SHiP [41] that determines the SHiP sensitivity to
HNLs with arbitrary mixings with SM neutrinos; see
Ref. [19] for more details. The HNL@SHiP package com-
bines all production and decay modes for a given biνo
mass, and the exclusion limits with this method can be
considered to be much more aggressive compared to the
first method described above.
Another important difference between the two methods

is the omission of kaons in the HNL@SHiP package. Initially,
it was expected that the interaction length of kaons in the
SHiP beam dump is much shorter than their decay length
and that the kaons would be absorbed before decaying.
However, it was shown in [20] that the kaon production rate
can be substantial. We’ve included biνo production from
kaons in method (i), which sets the leading SHiP con-
straints below MB̃ ≃ 400 MeV.

VI. RESULTS AND DISCUSSION

The exclusion limits derived using these two analyses are
depicted in Fig. 2. The solid curve corresponds to the more
conservative analysis, where we only consider the channels
that lead to the best sensitivity rather than a combination
of all production and decay channels. The dashed black
curve depicts the exclusion limits derived using the
HNL@SHiP code.
Additionally, we show current and future constraints

from μ → eγ [42] and μ → e conversion in nuclei [43] by
the horizontal dashed gray lines labeled “μ → eγ” and
“Mu2e Projected,” respectively. The current bound of
BRðμ → eγÞ < 4.2 × 10−13 results in a lower bound on
the messenger scale ΛM ≳ 35 TeV, while future projec-
tions of the sensitivity of the Mu2e experiment to μ → e
conversion near nuclei is expected to probe up to
ΛM ≲ 100 TeV. These constraints are independent of the
biνo mass.
Finally, the shaded orange regions are constraints from

BBN. To obtain these bounds, we assume that the biνo
mixes with a single neutrino flavor νi with a mixing
parameter Ui ∼ fiMB̃=ΛM, with fi given by (5). We then
use the results of [44,45] for BBN constraints on HNLs that
mix with a single neutrino flavor to constrain the biνo
parameter space. This is depicted by the three orange
shaded regions. The regions enclosed by the solid, dashed,
and dot-dashed orange curves are BBN constraints for
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electron-, muon-, and tau-mixed HNLs, respectively. For
the biνo, which mixes with all three neutrino flavors, BBN
constraints will generally lie in between the dashed and the
dot-dashed curves enclosing the upper-left and lower-right
orange shaded region.
We observe that already with our conservative analysis

(the solid black curved in Fig. 2) SHiP can begin to probe
the MB̃ ¼ 1–2 GeV window that is not excluded by the
current μ → eγ and BBN limits, with messenger scales up
to ΛM ∼ 60 TeV. Combining all possible production and
decay modes is expected to lead to better exclusion limits
allowing SHiP to probe the mass region above the D�

s
meson mass for the messenger scales not excluded by
current limits. We also see that SHiP can even probe

messenger scales beyond the projected sensitivity of the
Mu2e experiment.
These results show that SHiP is highly complementary to

experiments looking for charged lepton flavor violation, as
well as constraints from BBN for the biνo model. SHiP is
able to probe new parameter space for biνo masses in the
MB̃ ∼ 1–5 GeV range, corresponding to a messenger scale
in the ΛM ∼ 60–200 TeV range.

VII. CONCLUSION

In this paper, we investigated the sensitivity of the SHiP
experiment to the bino mass and the SUSYmessenger scale
in a Uð1ÞR−L extension of the MSSM which explains the
origin of neutrino masses. (In this scenario, the bino and its
Dirac partner singlino act like right-handed neutrinos and
are responsible for generating the neutrino masses.)
Previous studies have considered the production of biνos
at the LHC from the decays of squarks, and constrained a
combination of the squark mass, the biνo mass, and the
messenger scale λM. However, if the squarks are too heavy
to be produced at the LHC, weak interactions might be too
weak to produce biνos at the LHC.
On the other hand, if the biνo mass is in the MeV-GeV

range, a large production rate can be achieved in high
energy beam dump experiments. Mixing with SM neutri-
nos allows the biνo to be produced from meson decays,
which have large production rates at SHiP. We showed that
SHiP can probe messenger scales up to 200 TeVand probe
a parameter region complementary to experiments looking
for charged-lepton flavor violation.
The model we investigated is directly related to neutrino

mass generation that can be discovered at SHiP. If final
states involving both muons and electrons are observed,
their relative widths are fully predicted by neutrino-mass-
mixing measurements. This would provide an incredible
opportunity to search for the explanation of one of the most
pressing problems with the SM.
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