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1 Introduction

While the discovery of the Higgs boson a decade ago [1, 2] completed the Standard Model
(SM), and while many experimental results, even precision tests involving higher-order
perturbative QCD calculations, appear to confirm SM predictions, the SM cannot be the
final theory. Neutrino masses, dark matter, the hierarchy of mass scales, and inclusion of
gravity in the model are only some of the outstanding issues for which the SM provides no
explanations. Thus, most efforts at present are concentrated on exploring physics beyond
the SM (BSM).

Of all these scenarios regarding the BSM, supersymmetry (SUSY) appears to be the
most popular. It provides an explanation for the mass hierarchy [3–5], gauge couplings

– 1 –



J
H
E
P
0
6
(
2
0
2
3
)
0
0
1

unification [6], and most importantly, it provides a natural and clearly motivated candidate
for dark matter (DM) [7, 8]. Its simplest incarnation, the minimal supersymmetric standard
model (MSSM), predicts that the lightest Higgs boson mass must be less than the Z boson
mass at the tree level, and even lower in the extended models [9, 10], requiring large one-
loop corrections [11–13]. MSSM provides the particle content to stabilize the electroweak
vacuum [14] and predicts Higgs couplings close to the SM values [15]. Unfortunately, no
signals of any new model, and in particular of supersymmetry, have been observed at the
LHC. It could be because the current centre-of-mass energy and available luminosity are
yet insufficient to probe new particles or interactions. Or it could be that the MSSM,
the most often tested model at the LHC, is not the scenario favored by the nature. In
MSSM, as in the SM, the neutrinos are massless, in conflict with experimental evidence for
neutrino oscillations [16, 17], while supersymmetric models with enlarged gauge structures
can account for neutrino masses.

Many such models are motivated by supersymmetric grand unified theories (SUSY
GUT). In these theories, gauge coupling unification, which exists also in MSSM, occurs
at the scale MGUT ∼ 2 × 1016 GeV. Moreover, most such models provide a mechanism
for neutrino mass generation. Neutrino oscillation experiments require that at least two
neutrinos are massive, and at least one neutrino acquires a mass mν ≥ 0.05 eV [18], which
is an indication that the scale lepton number violation is lower for Majorana neutrinos,
MLNV ∼ 1015 GeV.

Model building in supersymmetry could be based on embedding the model into a SUSY
GUT scenario such as SO(10) [19] or E6 [20], both of which support additional unbroken
non-anomalous U(1) groups. Breaking these groups imposes strict constraints on all masses
and couplings in the theory (from the requirement of gauge unification). String theories
also predict the existence of additional U(1) groups [21, 22], which may not resemble groups
emerging from grand unification or other extended symmetries.

Imposing the constraint of model building with universal boundary constraints, this
scenario exhibits many attractive features. If obtained by the breaking of SO(10) through
a left-right symmetric model, it inherits some of its attractive features [23]: it provides an
explanation to neutrino masses by the inverse seesaw mechanism [24]; it preserves gauge
coupling unification of the MSSM, even when the breaking scale is from the order of the
electroweak scale [25]; it removes the necessity for large loop corrections for the Higgs mass
as required in the MSSM through additional D-terms in the soft-breaking potential [25];
and it can yield signals differentiating it from the MSSM.

However, extended supersymmetric models do not necessarily have to emerge from
a grand-unified scheme. Given that no supersymmetry signals have been yet observed
at the LHC, and the fact that constrained theories that can explain dark matter find it
challenging to predict visible signals at the LHC, it would appear useful to study extended
gauge groups that do not necessarily emerge from a SUSY GUT symmetry, that is, to relax
the requirement of mass and couplings universality. We could think of this model building
as bottom-up, that is, learning from the low energy phenomena and using the results to
construct the theory at high scales.
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Some of the advantages of considering non-universal masses and/or boundary condi-
tions are:

• Resolution of the little hierarchy problem, describing the tension between the ob-
served Higgs boson mass and its predicted value in the MSSM [3]. This problem is
concerned with the µ parameter which corresponds to the supersymmetric masses of
Higgs bosons and higgsinos. In the MSSM, electroweak symmetry breaking is real-
ized through non-zero vacuum expectation values (VEVs) of the two Higgs doublets.
Then, the stationary conditions for this symmetry breaking predict that the relation
between the electroweak scale and the SUSY breaking scale is M2

Z ' −2|µ|2− 2m2
Hu

,
where µ is the Higgs coupling parameter and m2

Hu
the soft higgsino mass, both eval-

uated at MZ scale. The expectation is that soft SUSY breaking parameters are
generated dynamically and thus are at the same scale. However, the Higgs mass is
predicted to be less than MZ at tree level, imposing, from loop corrections involv-
ing mainly top squarks masses, that stop quarks are at the TeV scale. Such a high
SUSY breaking scale tends to predict large soft masses, implying a highly fine-tuned
cancellation between the supersymmetric mass µ and the supersymmetry breaking
scale. Non-universal supersymmetric masses resolve this conflict.

• In the MSSM with universal masses, the lightest neutralino is the DM candidate,
and it is the U(1)Y bino. Since a bino does not carry any gauge charge, its main
annihilation mechanism is via sfermion exchange, but since these are now heavy, this
scenario results in an overabundance of the DM relic density over most of the param-
eter space, requiring co-annihilations (meaning fine-tuning of parameters). Allowing
non-universality of gaugino masses lifts this constraint [26].

• Direct collider bounds on the masses of the strongly interacting supersymmetric part-
ners (gluino and squarks) require them to be larger than about 2TeV [27], which also,
in the universal mass case, affects sleptons (their masses being derived from the same
universal scalar mass m0 as the squarks) and electroweak gauginos (their masses de-
pending on the same universal mass M1/2 as the gluino). In addition, the higgsino
mass is under pressure from direct searches, leading to a situation in which neutralino
DM (being either bino- or higgsino-dominated) is in jeopardy. This is alleviated in
models with non-universal boundary conditions.

• The SM prediction for the anomalous magnetic moment of the muon aµ = (g−2)µ/2
indicates a discrepancy with the experimental results, ∆aµ ≡ aexp

µ − aSM
µ = (25.1 ±

5.9) × 10−10. Supersymmetry can resolve this puzzle if sleptons and binos or winos
are light [28], implying non-universality with squark masses, required to be heavy.

• The ATLAS result on direct SUSY searches [27] supports the exclusion of the low
mass part of the stau co-annihilation region. Constraints from B meson decays [29]
lead support for the supersymmetric parameter space for tan β ≥ 30, where the
resonant annihilation region of the SUSY dark matter relic density is also effective,
reinforcing the exclusion of the low mass part of the latter. The direct DM detection
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experiments reinforce incompatibility between the SUSY explanations of the observed
muon g − 2 anomaly and DM relic density with the 125GeV Higgs boson mass [30],
unless scalar masses are non-universal.

• Non-universal boundary conditions in big bang nucleosynthesis, used to constrain
exotic particles, can explain the spectrum of the photons within standard electro-
magnetic theory from cascade decays, while the universal conditions fail [31].

In previous works, a supersymmetric scenario where the MSSM gauge group was ex-
tended by two extra U(1) groups, U(1)R×U(1)B−L, was able to explain the Higgs mass and
neutrino masses while maintaining gauge coupling unification [23, 32]. Universal boundary
conditions were imposed throughout. Under these conditions, the lightest supersymmetric
particle (LSP) was most likely a neutralino, as the sneutrino LSP was ruled out by the
ATLAS constraints [33] on the Z ′ mass. Corrections to the muon g − 2 factor were not
satisfactory, reaching barely the edge of the deviation from the experimental value. In
addition, prospects for observing the model at colliders, even at the HL-LHC, were not
explored.

We revisit this model, looking first at the implications of the model. We divide the
analysis into two parts: scenarios with universal boundary conditions, and scenarios with-
out, where we relax one parameter at a time. We chose benchmarks which 1) could show
some promise for detection at colliders, that is, benchmarks with light dark matter; and 2)
benchmarks which are typical of parameter points satisfying conditions for a given scenario.
Thus, of all possible parameter points, we chose benchmarks with lighter supersymmetric
spectra, to increase observability.

Relaxing mass unification at the GUT scale will also be useful in highlighting the differ-
ences between this model and the MSSM, by allowing non-MSSM dark matter candidates
consistent with the experiments, and looking for their distinguishing signs at the LHC. We
concentrate our parameter space investigations by first looking for a suitable dark matter
candidate, which must satisfy all experimental constraints, including relic abundance, as
well as direct and indirect detection limits. We analyze first the consequences of the model
adopting mass universality conditions. Here both the neutralino (λR − λB−L dominated)
and the sneutrino can be LSP, and satisfy dark matter constraints. Then we forego the uni-
versality conditions on the soft higgsino masses, linking the doublet Higgs, responsible for
breaking of the SM, with the singlet Higgs fields, responsible for breaking U(1)R×U(1)B−L.
With non-universal boundary conditions, relaxing constraints on one mass parameter at a
time, the higgsino-dominated neutralino as well as the sneutrino can be the LSP. However,
neither of the parameter points in these solutions provide a satisfactory solution to the
anomalous muon magnetic moment, and for this we revisit the parameter space, lifting two
universality constraints, to find a suitable solution, which turns out to be a bino-dominated
neutralino LSP solution.1

We then turn to explore the consequences of the model at the LHC. As the parameter
space is large, we choose some representative benchmarks from each LSP choice. Bench-

1Note that the binos in this model are non-MSSM binos, λR and λB−L.
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marks with sneutrino LSP have very small production cross sections and would be unob-
servable even at the high-luminosity (HL)-LHC. However, models with neutralino LSP in
the universal case, or higgsino LSP in the non-universal case (chosen as benchmarks BM I
and BM II, respectively) would be observable, as would be benchmark BM IV, which
satisfies all dark matter constraints and is consistent with measurements of muon g − 2
within 2σ.

Our work is organized as follows. In section 2, we present a brief description of the
model, concentrating on the superpotential, particle content (with emphasis on the neu-
trino and Higgs content), symmetry breaking to the SM, and possible candidates for dark
matter particles. In section 3, we analyze the consequences of imposing universal boundary
conditions on the mass and couplings on the possible choices for dark matter. Investigating
masses generated in this scenario, both mixed binos λR − λB−L and sneutrinos emerge as
possible dark matter candidates. In section 4, we explore the parameter space for dark
matter candidates obtained by relaxing the universality constraints. In addition to bino-
dominated neutralinos, and sneutrinos, higgsino-dominated neutralinos can also be the
LSP. However, requiring consistency of any parameter space points with the measurement
of the muon anomalous magnetic moment to at least 3σ severely restricts the LSP choice,
and the only possibility is a mixed bino neutralino. We also analyze the implications of
our constrained parameters on Z ′ phenomenology for this last benchmark and indicate
promising signals. In section 5, we explore the viable scenarios emerging from both univer-
sal and non-universal boundary values at the LHC. Three of the chosen benchmarks yield
distinguishing signals at the LHC (and different from each other), rendering the model
predictable and testable. We summarize and conclude in section 6.

2 Model description

In this section, we give a brief overview of the model and refer for more details to [32]. The
framework of the model is based on the gauge group SU(3)c× SU(2)L×U(1)R×U(1)B−L,
which could emerge from a higher GUT group, such as SO(10) or E6, or as a remnant from
a string landscape. The model shares some features with the full left-right supersymmetric
(LRSUSY) model while replacing SU(2)R by U(1)R, which significantly simplifies the gauge
and Higgs structure of the model. LRSUSY models have been explored before [34–37].
They have several attractive features, such that the fact that they account for neutrino
masses and parity violation, and while disallowing explicit R-parity violation, they provide
a solution to the strong and weak CP violation problems without requiring to introduce
an axion [38] and explain the absence of excessive SUSY CP violation [39]. Left-right
symmetry is moreover favored by many extra-dimensional models and gauge unification
scenarios, such as SO(10). In left-right supersymmetric models, SU(2)R triplet Higgs fields
are introduced to spontaneously break the LRSUSY symmetry group, a preferred option as
they induce a seesaw mechanism for neutrino mass generation [24]. R-parity may however
not be conserved in this setup, as when this discrete symmetry is broken spontaneously, the
vacuum prefers a solution in which the right-handed sneutrino acquires a VEV. Although
scenarios exist to remedy this situation [37, 40, 41], they both complicate and constrain the
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Superfields SU(3)c × SU(2)L ×U(1)R ×U(1)B−L

M
at
te
r

Q̂
(
3,2, 0,+1

6

)
d̂c

(
3,1,+1

2 ,−
1
6

)
ûc

(
3,1,−1

2 ,−
1
6

)
L̂

(
1,2, 0,−1

2

)
êc

(
1,1,+1

2 ,+
1
2

)
ν̂c

(
1,1,−1

2 ,+
1
2

)
Ŝ (1,1, 0, 0)

H
ig
gs

Ĥu

(
1,2,+1

2 , 0
)

Ĥd

(
1,2,−1

2 , 0
)

χ̂R
(
1,1,+1

2 ,−
1
2

)
ˆ̄χR

(
1,1,−1

2 ,+
1
2

)
Table 1. The matter and Higgs sector field content of the U(1)R ×U(1)B−L model. Matter fields,
including Ŝ and ν̂c, come in 3 generations, while the Higgs come in one family. The Ŝ superfields
are included to generate neutrino masses via the inverse seesaw mechanism, while the Higgs singlets
χR and χ̄R are needed to break the model to MSSM. Under Z2 matter parity, all matter fields are
odd while the Higgs fields are even.

model further. Reducing the left-right symmetry group from SU(2)R to U(1)R, as based
on the gauge group SU(3)c × SU(2)L × U(1)R × U(1)B−L (referred from now on as the
U(1)R × U(1)B−L model), avoids some of the complications of left-right supersymmetry
while sharing some of the attractive features (such as gauging the B − L number and
providing seesaw neutrino masses), with a simpler (and thus more transparent) gauge and
Higgs sector.

The matter and Higgs superfields in the model, together with their quantum numbers,
are listed in table 1. The relationship between the U(1)R and U(1)B−L quantum numbers
and charge and hypercharge is

Y = TR +B − L and Q = T 3
L + Y (2.1)

The superpotential, with R-parity conservation implemented by means of an extra Z2
matter parity is given by

W = YuûcQ̂Ĥu − Ydd̂cQ̂Ĥd + Yν ν̂cL̂Ĥu − YeêcL̂Ĥd + µĤuĤd − µR ˆ̄χRχ̂R
+Ysν̂cχ̂RŜ + µSŜŜ (2.2)

with Ye, Yd and Yu the usual Yukawa couplings for the charged leptons and the quarks.
In addition, there are neutrino Yukawa couplings Yν , and Ys, which mix the νc and the
S superfields. For simplicity, we suppress generation indices. In the superpotential, the
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µSŜŜ term is introduced only to generate nonzero neutrino masses with an inverse seesaw
mechanism, unlike in models with only an extra U(1)B−L group. In this model, the right-
handed neutrino fields interact with χR Higgs and with the S fields through the YsN c

i χRS

term. This interaction also contributes to the masses of the extra Higgs bosons. Thus
in this model the contribution of the right-handed neutrino to the Higgs sector is non-
negligible, yielding a different phenomenology than MSSM and supersymmetric U(1)B−L
models. The parameter µS , introduced only for neutrino masses, is restricted to have
a small value, as it cannot give important contributions to any other sector except for
neutrinos. In order to obtain correct neutrino masses, we can fine-tune it to specific values
for each generation, without changing any of the other features. This choice is justified by
the fact that, in principle, the µS term suffers from the well-known µ problem in SUSY.
Models with U(1) resolve this by the presence of an additional scalar, whose VEV generates
the µ term dynamically. As in our model µS is responsible for neutrino masses, we choose
it to be of that order, accepting that it is fine-tuned. This follows the customary choice for
U(1)R ×U(1)B−L models in the literature, see for instance [23, 25, 32].

The soft SUSY breaking Lagrangian includes three components for the sfermions, Higgs
scalars, and gauginos [23]

−LSB,W = −Bµ(H0
uH

0
d −H−d H

+
u )−BµRχRχ̄R +Au(ũ?R,iũL,jH0

u − ũ?R,id̃L,jH+
u )

+Ad(d̃?R,id̃L,jH0
d − d̃?R,iũL,jH−d ) +Ae(ẽ?R,iẽL,jH0

d − ẽ?R,iν̃L,jH−d )
+Aν(ν̃?R,iν̃L,jH0

u − ẽ?R,iν̃L,jH−u ) +As,ijχRν̃R,iS̃ + h.c. ,
−LSB,φ = m2

χR
|χR|2 +m2

χ̄R
|χ̄R|2 +m2

Hd
(|H0

d |2 + |H−d |
2) +m2

Hu(|H0
u|2 + |H+

u |2)
+ +m2

q,ij(d̃?L,id̃L,j + ũ?L,iũL,j) +m2
d,ij d̃

?
R,id̃R,j +m2

u,ij ũ
?
R,iũR,j

+m2
l,ij(ẽ?L,iẽL,j + ν̃?L,iν̃L,j)

+m2
e,ij ẽ

?
R,iẽR,j +m2

ν,ij ν̃
?
R,iν̃R,j +m2

s,ijS̃
?
i S̃j

−LSB,λ = 1
2
(
M1λ

2
B−L +M2λ

2
W +M3λ

2
g +MRλ

2
R + h.c.

)
, (2.3)

with sums running over all gauginos for the different gauge groups and all the scalar masses
squared.

The presence of two Abelian groups gives rise to gauge kinetic mixing between the
U(1)R and the U(1)B−L groups. We absorb this into the covariant derivative by re-defining
the charge

Dµ = ∂µ − igQTAµ, (2.4)

where g is the respective gauge coupling and QT is the charge corresponding to the two
Abelian fields. This is taken into account by our model implementation into the renormal-
ization group equations (RGE) of the model.

The U(1)R × U(1)B−L gauge symmetry is spontaneously broken to the hypercharge
group U(1)Y by the VEVs vχR and vχ̄R of the scalar components of the χ̂R and ˆ̄χR super-
fields [33]. The subsequent SU(2)L × U(1)Y → U(1)Q is determined by vd and vu VEVs
of the neutral scalar components of the SU(2)L Higgs doublets Ĥd and Ĥu. Taking into
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account the VEVs, the scalar fields can be expressed as:

χR = 1√
2

(σR + iϕR + vχR) , χ̄R = 1√
2

(σ̄R + iϕ̄R + vχ̄R) , (2.5)

H0
d = 1√

2
(σd + iϕd + vd) , H0

u = 1√
2

(σu + iϕu + vu) . (2.6)

where σ and ϕ denote the CP-even and CP-odd components of the relevant fields, re-
spectively. We denote v2

R = v2
χR

+ v2
χ̄R

and v2 = v2
u + v2

d, the vacuum expectation values
(VEVs) responsible for breaking U(1)R ×U(1)B−L and SU(2)L ×U(1)Y respectively, with
tan β = vu

vd
and tan βR = vχR

vχ̄R
. The tadpole equations will fix four of the parameters in the

model, which can be soft scalar masses, or µ couplings and their soft-terms counterparts,
or a combination of the two (whichever is more convenient for the chosen phenomenological
scenario).

The Higgs boson spectrum for this model has four scalars (two of which are light, one
SM-like, and another mostly a singlet field), and two pseudoscalars, while the gauge sector
has three neutral gauge bosons, corresponding to A,Z, and Z ′ bosons. The neutrino mass
matrix contains additional right-handed neutrinos and S fermions, while the neutralino
sector contains three additional states, corresponding to the two singlet higgsinos (χ̃L and
χ̃R), and the binos (λR and λB−L), which combine with the photino to yield three gauginos,
one more than in the MSSM. The supersymmetric spectrum of the model also contains
nine sneutrino eigenstates (three from the MSSM, three right-handed sneutrinos and three
fermionic S fields, one for each family). Many of the additional states can easily be the
lightest supersymmetric particle (LSP) as long as they satisfy all the constraints on SUSY
parameter space.

2.1 Neutrinos

The neutrino masses are generated in this model by the see-saw mechanism [25]. To facili-
tate this, the model contains, in addition to the three SM neutrinos, six additional singlet
states, three corresponding to the right-handed neutrino νR and three for the additional
fermion S. The neutrino mass matrix is:

Mν =


0 1√

2vuY
T
ν 0

1√
2vuY

T
ν 0 1√

2vχRYs

0 1√
2vχRYs µS

 (2.7)

This matrix is diagonalized by the unitary matrix Uν

Uν ∗MνU
ν † = mdiag

ν . (2.8)

Masses for the light neutrinos (mostly left-handed) can be then obtained from the seesaw
mechanism as

meff
ν = − v

2
u

v2
R

Y T
ν

(
Y T
s

)−1
µSY

−1
s Yν (2.9)

Neutrino data restricts Yν and µS to be small while flavour-changing lepton decays restrict
off-diagonal elements of Yν and Ys to be very small, and we take them to be vanishing.
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2.2 Higgs bosons

The Higgs sector contains four scalars and two pseudoscalars. For the pseudoscalars, the
two mass matrices are already in block diagonal form. Each one contains a Goldstone
boson, needed to give masses to the Z and Z ′ bosons, and two physical pseudoscalar states
with masses

m2
A = Bµ(tan β + cotβ)

m2
A = BµR(tan βR + cotβR) (2.10)

In the scalar sector, the Higgs mass matrix is a 4× 4 matrix

M2
HH = g2
Zv

2 cosβ2 +m2
A sinβ2 − 1

2 (m2
A + g2

Zv
2) sin 2β g2

RvvR cosβ cosβR g2
RvvR cosβ cosβR

− 1
2 (m2

A + g2
Zv

2) sin 2β g2
Zv

2 sinβ2 +m2
A cosβ2 − 1

4g
2
RvvR sinβ cosβR 1

4g
2
RvvR sinβ sinβR

1
4g

2
RvvR cosβ cosβR − 1

4 (g2
RvvR sinβ cosβR g2

Z′v
2
R cosβ2

R+m2
AR

sin2 βR − 1
2 (m2

AR
+g2

Z′v
2
R) sin 2βR

− 1
2 (m2

AR
+g2

Z′v
2
R) sin 2βR g2

Z′v
2
R sinβ2

R+m2
AR

cos2 βR − 1
4g

2
RvvR cosβ sinβR 1

4g
2
RvvR sinβ sinβR

,
(2.11)

with g2
Z = (g2

L + g2
R)/4, g2

Z′ = (g2
BL + g2

R)/4, and gL, gR, gB−L are the coupling constants
of SU(2)L, U(1)R, U(1)B−L, respectively. This matrix contains, in addition to the two
MSSM-like Higgs doublet states, two singlet states. Since the MSSM Higgs and the two
additional Higgs bosons χR and χ̄R are charged under U(1)R, the two lightest Higgs states
mix due to additional D-terms in the CP-even sector. The mixing between the two lightest
Higgs bosons depends on vR. In general the lightest Higgs can be a singlet or the SM-like
(mostly) doublet Higgs boson. Varying µR affects mostly the lightest singlet Higgs mass,
restricted to yield non-tachyonic singlet Higgs states. A comprehensive analysis of the
Higgs sector was presented in [32], with an additional analysis of masses in [23]. A collider
analysis of the Higgs sector in this model would depend on the parameters of the model.

Several analyses looked at the spectrum for this model, including Higgs masses, neu-
trino mass generation through the inverse seesaw mechanism, masses and mixings of gauge
bosons, and the neutralino sector [25]. While in some cases the singlet Higgs may be light,
and perhaps observable, in this work we forgo this analysis, and concentrate on the impli-
cations of the supersymmetric sector of the model, looking for signals with missing energy.
On general grounds, we expect similar features as analyses in the secluded U(1) model,
that is a model with only one additional Abelian group, but several additional Higgs singlet
states, some of which could be light. While these light states are almost purely singlet, a
small but non-zero mixing with the MSSM doublet Higgs fields is allowed. Observing these
singlets is challenging, due to their small production cross section, but perhaps current
collider experiments and associated analyses can show possible signatures of such light sin-
glets. Promising final states include the associated production of these Higgs bosons with
SM particles. If the singlet scalars decay into the LSP, which can be traced only through
the missing energy in the colliders, the accompanying SM particles can form some visible
final states. Promising processes would include mono-X signals, with X being the Z or
the photon [42].
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In what follows, we concentrate on scanning the model parameters imposing univer-
sal parameters, then allowing universality violations in the µR parameter and soft slep-
ton/sneutrino masses. We impose throughout Higgs sector, supersymmetric particle mass
bounds, and other low energy restrictions. Then, we look for implications of dark matter,
the anomalous magnetic moment of the muon, and collider signals.

3 Dark matter in U(1)R × U(1)B−L with universal boundary conditions

3.1 General considerations

Cosmological observations of dark matter are perhaps the most convincing experimental
evidence of physics beyond the SM . Though dark matter may not be composed of particles
at all, particle physics, responsible for describing all the matter in the universe, presents a
compelling reason to consider such a description. DM is known to have both gravitational
and weak interactions. It is theorized to be stable, with a lifetime comparable to that
of the universe. Of all DM features, the most striking property is its abundance in the
universe at the present day, the so-called relic density [43], obtained from measurements of
the cosmic microwave background radiation, and found to be [43]

Ωh2 = 0.120± 0.001 , (3.1)

Measurements indicate the amount of DM exceeds the abundance of the ordinary matter
by a factor of 5.

This has motivated numerous experiments looking for the DM. Some experiments
seek the DM by employing the direct detection (DD) method, which attempts to measure
collisions of the galactic dark matter with underground targets of ordinary matter [44].
Complementary experiments use the indirect detection (ID) method to search for the
products emerging from annihilating dark matter concentrated within the Milky Way or
elsewhere [45]. In addition, DM is expected to be produced at colliders. Just as neutrinos,
DM particles are expected to pass invisibly through the detector, and thus their presence
will be determined by missing transverse energy and momentum. All of these experiments
assume that the DM interacts non-gravitationally and is incorporated within the BSM
models, which requires that a DM candidate must satisfy the scrutiny of all DM-related
measurements (relic abundance, DD, and ID constraints). Afterward, analyses of signals
produced at colliders will serve as testing grounds for a chosen model.

In what follows, we subject our model first to an analysis of DM constraints. We
identify possible DM candidates and test them against measurements of relic abundance,
and both direct and indirect detection constraints. We then restrict the parameter space to
points that satisfy the correct DM constraints. In further sections, we test the possibility
of observing some representative benchmarks at the colliders.

Since we wish to analyze the most general parameter space, we divide our parameter
scans into two parts: one in which we assume the unification of all masses at the GUT scale
(universal parameter scan), and one in which we relax some of the boundary conditions
at the GUT scale (non-universal parameter scan) to allow for the possibilities unavailable
within the universal constraints.
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Parameter Scanned Range Parameter Scanned Range
m0 [0.1, 3] TeV vR [6.5, 20] TeV
M1/2 [0.1, 3] TeV diag(Y ij

ν ) [0.001, 0.99]
tan β [1, 60] diag(Y ij

s ) [0.001, 0.99]
tan βR [1, 1.2] signµ 1
A0/m0 [−3, 3] signµR ±1

Table 2. Free parameters of the model in the universal boundary conditions case, together with the
ranges for scanning the parameter space. Parameters are varied in the intervals consistent with [46].

We start our analysis with the assumption that the masses of all the scalar sparticles
and gauginos are determined by two free parameters, m0 and M1/2 at the GUT scale, that
is, with an analysis of the dark matter in the model with universal boundary conditions.
While this assumption is confining and would limit the possibility to search the benchmarks
with new features, this parameterization relies on the least number of free parameters for
the model. In table 2 we list the free parameters relevant to the superpotential of the
model and the new mixings in this scenario, in addition to the existing free parameters in
the MSSM, together with the variation range used in our scans over the free parameter
space of the model.

Here m0 represents the mass term for all the scalars at the GUT scale, and M1/2
corresponds to the mass term for all the gauginos (including those associated with U(1)B−L
and U(1)R gauge groups). We vary both m0 and M1/2 between 100GeV to 3TeV. A0 is
the trilinear scalar interaction coupling coefficient. We scan A0/m0 in the range of [−3, 3],
which is consistent with the charge and color minima conservation. Here tan β is the ratio
of VEVs of the MSSM Higgs doublets, varied in the [1, 60.] range, while tan βR describes
the ratio of VEVs of the singlet Higgs fields, χR, and χ̄R, which must be close to 1 to result
in light supersymmetric masses. In addition, we assume the µ parameter introduced in
the MSSM to be positive,2 while we allow the sign of µR (the quadratic coupling of right-
handed χR, χ̄R Higgs bosons in our model) to be either positive or negative. Furthermore,
we vary the VEV of χR, denoted by vR, responsible for the U(1)R×U(1)B−L spontaneous
symmetry breaking (SSB) energy scale in the range [6.5, 20] TeV.

3.2 Universal parameter scan

We perform the random parameter scan subject to experimental constraints based on the
recent collider searches for the supersymmetry yielding the lower limits on sparticle masses,
Higgs data, B physics, and DM experiments, as listed in table 3.

In table 3, we also list the dark matter constraint in which the relic density of the DM
candidate is constrained to lie within the range [0.09, 0.14], within 2σ of the value obtained
by the Planck experiment measurement [43], eq. (3.1), which is the most limiting restriction,
responsible for rejecting many solutions within the parameter space. Additionally, we
impose the SM-like Higgs mass constraint requiring the SM-like Higgs mass to lie within

2This sign can be considered as a free parameter based on the solution of tadpole equations.
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Observable Constraints Ref Observable Constraints Ref
mh1 [122, 128]GeV [2] mt̃1 > 730GeV [46]
mg̃ > 1.75TeV [46] mχ±1

> 103.5GeV [46]
mτ̃1 > 105GeV [46] mb̃1

> 222GeV [46]
mẽ1 > 107GeV [46] mµ̃1 > 94GeV [46]
ΩDMh

2 [0.09, 0.14] [43] BR(B0
s → µ+µ−) [1.1, 6.4]× 10−9 [47]

BR(B→τντ )
BRSM(B→τντ ) [0.15, 2.41] [29] BR(B0 → χsγ) [2.99, 3.87]× 10−4 [48]
MZ′ [4.5, 10] TeV [33]

Table 3. Current experimental bounds imposed on the parameter space scan. These constraints
stem from the collider searches for SUSY, B physics observables, and relic abundance constraints.

[122, 128]GeV and have SM-like couplings. The new neutral gauge boson corresponding to
the U(1)R ×U(1)B−L model mixes with the Z boson. The mixing angle is small O(10−4),
and the mass of this new gauge boson MZ′ is severely restricted by its production cross
section, followed by its dilepton decay [33]. Based on ATLAS and CMS exclusion limits,
and consistent with different supersymmetric models which incorporate a neutral gauge
boson, we assume MZ′ to be greater than 4.5TeV. This constraint is conservative, but
it can efficiently restrict the parameter space, especially the new spontaneous symmetry
breaking (SSB) scale of the model.

To find the solutions consistent with the constraints, we use the model implementation
in SARAH 4.14.5 package [49]. We then analyze its phenomenology based on varying free
parameters of the model, as specified in table 2. This scan is entirely randomized, and thus
different regions of the parameter space are inspected with the same uniform probability.
The results for each parameter set are obtained using SPHENO 4.0.5 package [50]. This
computation has been automated for different sets of parameters, and the set of parameters
obtained is then inspected against the constraints in table 3.

We then incorporate the constraints regarding the dark matter, including the relic
abundance and direct detection (DD) and indirect detection (ID) exclusion limits, by im-
plementing our model in micrOMEGAs 5.2.7 package [51] and automating the process of
finding a solution that can satisfy all dark matter constraints.

As the parameter space is gigantic, it seems crucial to carefully sweep the extensive
region in this hyper-dimensional space. Our motivation is to focus on the results with light
dark matter candidates, yielding a lighter spectrum that can be observed at the LHC.

3.3 Scan results

We start the search within the parameter space for the points satisfying all the constraints
mentioned so far. The results show that both the lightest neutralino and the lightest
sneutrino can be the DM candidate of the model with drastically different features. We
discuss our findings below.
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Figure 1. (Top left) Composition of the lightest neutralino and the lightest sneutrino for the case
where the neutralino is the LSP satisfying the relic abundance constraint. (Top right) Composi-
tion of the lightest sneutrino mass eigenstates for the sneutrino LSP solutions that satisfy the relic
abundance constraint. (Bottom left) Mass distribution of the lightest neutralino, slepton, and sneu-
trino for the neutralino LSP solutions. (Bottom right) Mass distribution of the lightest neutralino,
slepton, and sneutrino for the sneutrino LSP solutions.

3.3.1 Mass distribution and LSP composition

To highlight our results of scanning over the parameter space, figure 1 depicts the histogram
of all the found solutions in cases where the lightest supersymmetric particle (LSP) is either
the lightest neutralino or the lightest sneutrino.

In the top panels of figure 1, the mass distributions for the lightest neutralino and
sneutrino are shown by two histograms for the cases where LSP is either (a) the lightest
neutralino or (b) the lightest sneutrino. From the top panels of figure 1, we can extract
information about the composition of the LSP in both cases, where either the lightest
neutralino or the lightest sneutrino is the DM candidate. In the top left panel of figure 1,
all the neutralino LSP solutions that satisfy the relic abundance constraints are considered.
In the case where the neutralino is the LSP, we give its composition (on the left), as well as
the composition of the lightest sneutrino (on the right), which may or may not be the next-
to LSP (NLSP). We see the sharp spike for the binos of the newly introduced gauge group
bosons in this model at low masses, indicating that they are dominant in the composition
of the neutralino LSP, that is most neutralino solutions that satisfy the relic abundance
constraint are admixtures of the U(1)R ×U(1)B−L binos, rather than winos, the higgsinos
doublets, or singlet higgsinos introduced in this model. From the top right-hand plot of
figure 1, we understand that the sneutrino LSPs are mostly ν̃R and S̃, or mixtures of the
two. As expected, ν̃L is under-abundant.
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For the neutralino LSP in the bottom left panel of figure 1, we see that the lightest
sneutrino masses are mostly larger than 1TeV, which marks a big gap between the lightest
neutralino and sneutrino. In the bottom right panel of figure 1, we show the sneutrino
LSP solutions that satisfy the relic abundance constraint. The dominant sector of the
resulting lightest sneutrino mass eigenstate comes from the scalar fields corresponding to
the right-handed (RH) sneutrinos and the new field S̃ introduced in the inverse seesaw
mechanism. Comparing the neutralino and sneutrino LSP plots, we see that the masses of
the neutralino LSP are much lighter than those of the sneutrino LSPs (which are starting
from ∼ 1TeV). This fact underlines the problematic feature of the sneutrino LSP solutions
for collider simulations, as its leptonic decays would result from the massive sleptons or
neutralinos with small cross sections, hindering their discovery at the LHC.

After performing the scan, we look for a benchmark suitable for the collider simulation
among all the sneutrino and neutralino LSP solutions that can satisfy all the LHC and dark
matter constraints by employing Deep Learning [52]. We use the Deep Learning algorithm
without regularization by exploiting Keras front-end [53] with a deep network of 11 hidden
layers and considering a non-linear activation function for the calculation neurons. The
employed algorithm is as follows:

• Pre-processing data based on the runs on Beluga computation cluster (200 tasks each
upon one CPU) to prepare data for training. This means that we have used the result
of the scans over the parameter space on the cluster to train a machine-learning model
without considering any viable statistical background model.

• Train the model based on the deep learning approach and densely connected network
employing rectified linear unit (ReLU) as the activation function for the neurons.
We have used Keras with TesnorFlow back-end (www.tensorflow.org) to do all the
backpropagation calculations (50 epochs with 11 hidden layers).

• Based on the trained model, we proceed with predicting the chosen quantities for 107

random points in the parameter space of the model.

• At this step, we impose the experimental constraints listed in table 3 on the pre-
dictions in order to separate the appropriate solutions. This led to 4 × 106 points
surviving in the parameter space.

• After finding constrained solutions in the parameter space, we again run SPheno and
micrOMEGAS for the free parameters as our approach did not involve regularization
and thus may have over-fitting. The result is the set of solutions that will abide by
the experimental constraints and can be inspected for choosing a benchmark.

• Choosing the points in BM I and run our stability code to check the viability of
BM I as well as finding other stable solutions close to BM I. Table 4 shows the
relevant free parameters for this chosen benchmark.

• Finally, adding the final solutions to the initial list of solutions employed for training
the model.

– 14 –

www.tensorflow.org


J
H
E
P
0
6
(
2
0
2
3
)
0
0
1

Parameter Value Parameter Value
m0 992.45GeV vR 16658GeV
M1/2 1126.90GeV diag(Y ij

ν ) 0.045
tan β 38.26 diag(Y ij

s ) 0.49
tan βR 1.04 mχ̃0

1
487.94GeV

A0 −2718.90GeV signµR +1
µ11
S −364.28 eV µ22

S -4857.14 eV
µ33
S −27699.11 eV
mνe 6.51× 10−4 eV mτ̃1 503.72GeV
mνµ 8.68× 10−3 eV mµ̃1 1042.86GeV
mντ 4.95× 10−2 eV mẽ1 1043.97GeV
mt̃1 1533.01GeV mb̃1

1910.70GeV
MZ′ 5926.87GeV mg̃ 2477.48GeV

Table 4. Parameter values for the light neutralino LSP benchmark BM I found using the deep
learning algorithm. We also show the masses of the SM neutrinos, lightest squarks, gluino, Z ′, and
sleptons. The values for all parameters are given at the electroweak scale.

The result of this procedure is the first chosen benchmark BM I with the light neutralino
as the DM candidate, the characteristics of which are summarized in table 4, under the
assumption of the universal premise for the mass scales of the scalar sparticles and gauginos.
For completeness, we also list the mass values for SM neutrinos, sleptons, lightest squarks,
gluinos, and Z ′. We also give the values of the three µS parameters (one for each generation,
assuming diagonal matrix) which yield the correct neutrino masses. Note that here, and for
all other benchmarks, the µS parameters are negative. As our model is indistinguishable
from MSSM in the strong sector, we did not investigate the consequences of squark or
gluino production. However, in the universal scenario, slepton and squark masses are
related, which is why we list squark masses. Note that, based on the constraints in table 3,
squark masses are in general ≥ 730GeV, and gluino masses, ≥ 1.75TeV.

To better understand the different mass distribution of the lightest slepton in com-
parison to the LSP, figure 2 left panel shows the masses of the lightest sleptons in the
neutralino LSP solutions that satisfy the relic density constraint. We find that the solu-
tions with neutralino LSP that satisfy the relic abundance constraint require the masses
of lightest sleptons to be very close to those of the LSPs, slepton masses being heavily
populated around the line ml̃1

= mχ̃0 . Note that in BM I the lightest slepton is the stau,
which is very close in mass to the lightest neutralino. However, for collider simulations we
will choose decays into smuons to increase the missing energy in the resulting products.
This feature is extremely important for the collider simulation with sleptons as interme-
diary particles, as the resulting cross sections with final state leptons plus missing energy
(indicating LSP production) is significant.

In contrast, sneutrino LSP solutions all feature significantly heavier sleptons than the
LSP, which will affect the collider simulation in finding any imprint of the sneutrino LSPs.
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Figure 2. (Left) Mass of the lightest slepton in comparison to that of the LSP for all the neutralino
LSP and sneutrino solutions. The straight line corresponds to the region where mτ̃1 = mχ̃0 . The
chosen benchmark for the collider simulation as BM I is depicted in the figure as a small yellow
circle. (Right) The mass parameters of the binos corresponding to the gauge group U(1)R×U(1)B−L
are plotted in comparison to the mass of the LSP for all the neutralino LSP solutions. The line
where the mass parameters of the new binos are exactly the same as the LSP mass is shown.

Figure 2, right panel, also verifies that the masses of the new binos introduced by the
gauge group U(1)R ×U(1)B−L are very close to the mass of the LSP for all the neutralino
LSP solutions that satisfy the relic constraint, confirming the bino dominant composition
of the LSP.

3.3.2 DM phenomenology

After inspecting the general features of the spectrum of solutions consistent with the con-
straints, we proceed with the further investigation of the properties of the spectrum yielding
consistent dark matter candidates.

Figure 3, left panel, illustrates the distribution of the mass of the LSP for two cases
where either the lightest sneutrino or neutralino is the DM candidate with respect to the
relic density of each solution. We note that the sneutrino LSP solutions require a mass
of 800GeV or larger for the DM candidate while the neutralino LSP solutions allow for a
lot less massive LSP, with masses around 500GeV, including the results from the machine
learning setup. This is important since it affects the exploration of the benchmark as a
dominant signal in the collider simulations at the high-luminosity (HL) regime.

As in figure 3, BM I, with the lightest neutralino as the dark matter (DM) candidate
(shown as a yellow circle in the plot), satisfies the requirement for the relic density with a
light mass, close to 500GeV. We see the separated patches of the neutralino LSP solutions
consistent with the relic constraint within different regions of the LSP mass starting from
∼ 500GeV to ∼ 1200GeV in comparison to the continuous spectrum of the LSP mass for
the sneutrino LSP solutions while satisfying the relic constraint starting from 600GeV to
1200GeV.

In addition, we must ensure that the found solutions for both LSP cases satisfy both
DD and ID exclusion limits [55, 56]. Figure 3, right panel, verifies that all the neutralino
and sneutrino solutions that satisfy the relic density constraint abide by the indirect detec-

– 16 –



J
H
E
P
0
6
(
2
0
2
3
)
0
0
1

Figure 3. (Left) Mass distribution of the LSP with respect to the relic density for all the neutralino
LSP and sneutrino LSP solutions. The red-shaded region is the span where the results are consistent.
The populated region where relic density is satisfied is magnified for improved clarity. (Right)
The indirect detection cross section 〈σv〉 for both the neutralino and sneutrino LSP solutions in
comparison to the data, for different annihilation channels of the LSP based on the FermiLAT
results [54].

Figure 4. Dependence of the nucleon-DM spin-independent scattering cross sections on the LSP
mass. (Left) for the proton; and (Right) for the neutron. The exclusion limits extracted from the
different experiments such as XENON [57], LUX 2016 [58], and PandaX [59] are provided.

tion exclusion limit consistent with the FermiLAT data [54] for different LSP annihilation
channels.

We also calculate the DM-nucleon spin-independent scattering cross sections for all
the neutralino and sneutrino LSP solutions as the last part of the DM phenomenology.
The result is shown in figure 4. We plot the DD cross sections as a function of the LSP
mass and the exclusion limits for the DM-nucleon cross sections from the data presented
in different experiments [57–59]. Interestingly, the plot shows that all the sneutrino LSP
solutions that satisfy the relic density constraint and abide by the ID exclusion limits are
rejected, as they cannot satisfy the DD exclusion limits for both proton and neutron cases.
Thus we conclude that the sneutrino LSP solutions with universal boundary conditions
cannot satisfy all the DM phenomenology constraints and hence are rejected.3

3This result is consistent with previous analyses [23, 32].
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To recap the universal boundary conditions case, the only viable LSP is the λR−λB−L
admixture. This LSP satisfies all DM constraints and can have a relatively light mass
(∼ 500GeV). While these binos are different from the MSSM λY binos, the difference
is somewhat underwhelming. This provides further motivation to explore the possibility
of finding sneutrino LSP solutions that can satisfy the DM sector constraints within the
non-universal boundary conditions.

4 Dark matter in U(1)R × U(1)B−L with non-universal boundary condi-
tions

In the universal case, we assumed that the masses of all the scalar sparticles and gauginos
are m0 and M1/2 at the grand unified theory (GUT) scale. Then all these particles flow
down to the two stages of breaking, first to U(1)R × U(1)B−L breaking, then electroweak
symmetry breaking (EWSB) scale by including the relevant renormalization equations and
computing the beta functions. This universal assumption for the free parameters of the
model is very constraining, at the cost of losing some important features, including allowing
for additional benchmarks consistent with finding new light DM candidates of different
compositions which increase the chance of meaningful collider signals. This motivates us
to relax the SUSY GUT scale boundary conditions to allow different scenarios of our model.
We also wish to explore the muon anomalous magnetic moment and find out if there are
points in the parameter space that allow agreement with the experimental data. Thus,
in this section, we explore different scenarios of the non-universal GUT scale boundary
conditions and inspect the benchmarks consistent with all the constraints and promising
for collider simulations.

4.1 χ̃R - ˜̄χR neutralino

In the first scenario, we relax the singlet higgsinos Yukawa coefficient µR that connects the
singlet superfields χ̂R and ˆ̄χR. We remove it from the tadpole equations and consider it as
a free parameter of the model. In the parameter scans, we vary it over the range of 400 to
700GeV. We look for the lightest neutralino as the LSP, with singlet higgsinos dominance
in its composition, so that the resulting LSP would be dominantly singlet higgsinos rather
than the U(1)B−L and U(1)R binos, as in the universal case.

We replace the sign of µR from the free parameters in favor of the value of µR on the
list of input parameters. The rest of the parameter ranges are the same as in table 3. In
addition, employing the information from the neutralino mixing matrix, we seek LSPs with
dominant singlet higgsinos composition.

We show all neutralino solutions in figure 5. The left panel presents the mass distri-
bution of the lightest neutralino, sneutrino, and slepton. We see here that the mass of the
lightest slepton is very close to the LSP mass for all the solutions that satisfy the relic
constraint, as in the case of universal boundary conditions. As previously, this enhances
the chance of finding a meaningful significance of signal versus the SM background in the
collider simulations through a dilepton decay channel for the signal process. Moreover,
from the left-hand plot in figure 5 we see that the neutralino LSP solutions that satisfy the
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Figure 5. (Left) Mass distribution of the LSP and the lightest slepton and sneutrino for all the
neutralino LSP solutions, requiring singlet higgsinos dominance in the LSP composition. (Right)
Composition of the LSP and the lightest sneutrino for all the neutralino LSP solutions that satisfy
the relic density constraint.

relic constraint are accompanied by very massive sneutrinos, with masses around 1600GeV.
This arises from the fact that the sneutrinos are interacting considerably with the SM par-
ticles as a consequence of their ν̃L-dominant composition. This feature is similar to the
universal case, where sneutrinos were very heavy for the neutralino LSP solutions. Looking
at the composition of the lightest neutralino and sneutrino, figure 5, right panel, confirms
that the dominant components of the neutralino LSPs are the singlet higssinos which are
new in our model. Sneutrino LSP solutions that satisfy the relic constraint can also exist,
and their dominant composition comes from the ν̃R and S̃ contribution, similar to the
universal case.

For this χ̃R - ˜̄χR neutralino LSP, we investigate the behavior of the new free parameter
of the model, µR. Figure 6 indicates that µR takes negative values for all the neutralino and
sneutrino LSP solutions, without restricting any sign freedom in the running code. This
behavior then implies an asymmetric Yukawa coefficient of the singlet higgsinos. Figure 6
also confirms that µR is populated around the line µR = mχ̃0

1
where mass of the lightest

neutralino is exactly the same as µR. This observation is compatible with LSP singlet
higgsinos dominance. Moreover, we see that very light sneutrino LSP solutions within [100–
200]GeV can satisfy the relic density constraint in this scenario. If these solutions abide
by the indirect and direct detection exclusion limits, we can devise a possible benchmark
with the lightest sneutrino as the LSP in the collider simulations.

Searching for a working benchmark for this non-universal scenario regarding the col-
lider simulation, we found a very light neutralino LSP benchmark (BM II) as listed in
table 5. It is worth mentioning that this benchmark has relic density, spin-independent
DM-nucleon cross sections, and annihilation cross section within the appropriate ranges,
based on the experimental limits. Such a light neutralino LSP could yield larger cross sec-
tions for the production and decay processes with the lightest neutralino as the product,
yielding a signal with missing energy in collider simulations.
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Figure 6. Distribution of µR with respect to the LSP mass for both neutralino and sneutrino LSP
solutions. The straight line corresponds to µR = −mLSP. The region including BM II and the
neutralino LSP solutions satisfying the relic constraint is magnified for clarity.

Parameter Value Parameter Value
m0 2234GeV vR 16346GeV
M1/2 2417GeV diag(Y ij

ν ) 0.32
tan β 49.05 diag(Y ij

s ) 0.41
tan βR 1.08 mχ̃0

1
225.34GeV

A0 -5316GeV µR −230.67GeV
µ11
S −2.84 eV µ22

S −47.59 eV
µ33
S −565.59 eV
mνe 3.78× 10−4 eV mτ̃1 244.67GeV
mνµ 6.32× 10−3 eV mµ̃1 2401.33GeV
mντ 7.51× 10−2 eV mẽ1 2404.39GeV
mt̃1 3379.29GeV mb̃1

3890.06GeV
MZ′ 5892.04GeV mg̃ 5042.57GeV

σSI
p = 1.88× 10−18 pb σSI

n = 1.89× 10−18 pb
ΩDM h2 = 0.091 〈σv〉 = 1.69× 10−31 cm3/s

Table 5. List of the values of the free parameters for BM II in the first non-universal scenario.
This benchmark features a very light neutralino with a higgsino-dominant composition. As before,
we also show the masses of the SM neutrinos, lightest squarks, gluino, Z ′, and sleptons. The values
for all parameters are given at the electroweak scale.

We also checked for the stability of BM II by running the stability code in terms of the
possible solutions around the found benchmark in the parameter space. We found 20 new
neutralino LSP solutions around its vicinity, which establishes the validity and stability
of BM II.

– 20 –



J
H
E
P
0
6
(
2
0
2
3
)
0
0
1

Figure 7. (Left) Mass distribution of the lightest neutralino, slepton, and sneutrino with respect
to the relic density. The acceptable region of the relic density is shaded as red. The region including
the BM II and the light neutralino and sneutrino LSP solutions that lie within the red-shaded
region is magnified for clarity. (Right) ID exclusion limits regarding different LSP annihilation
channels are shown, corresponding to obtained values of 〈σv〉 for both the sneutrino and neutralino
LSP solutions.

The last step of the scrutiny for this non-universal case is to test the DM-related
phenomenology of both the neutralino and sneutrino LSP results. Figure 7, left panel,
shows the distributions of the lightest neutralino, sneutrino, and slepton for the found
solutions with respect to the relic density. As can be seen, a patch of very light sneutrino
LSPs can be identified within the red-shaded band where the relic density constraint is
satisfied. Figure 7, right panel, insures that both the neutralino and sneutrino solutions
with relic constraint abide by the indirect detection exclusion limits. This is as in the case
of universal boundary conditions. Finally, in figure 8, we analyze the direct detection cross
sections.

Figure 8 shows that all the sneutrino LSP solutions that satisfy the relic density
constraint and ID exclusion limits are rejected as they feature a large DM-nucleon spin-
independent scattering cross sections, above the exclusion limits based on different experi-
mental data. We then conclude that by relaxing the µR coefficient, sneutrino LSP solutions
still cannot yield any possible benchmark for the collider simulations. This result is similar
to the universal case.

4.2 Sneutrino DM candidate

Relaxing conditions on the neutralino parameter space, as in the previous subsection,
cannot of course be expected to affect the sneutrino sector. One may obtain sneutrino
LSP solutions by relaxing slepton/sneutrino mass parameters. We now analyze the case
where the lightest sneutrinos can be considered as the LSP. For this to happen, the lightest
sneutrino, which is generated based on the mixing of the sparticles of both the left-handed
and right-handed neutrinos and the new field S̃ introduced by the model to incorporate
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Figure 8. Dependence of the nucleon-DM spin-independent scattering cross sections on the LSP
mass. (Left) for the proton; (Right) for the neutron. Both cases where the collisions are either with
neutrons or protons are considered. The exclusion limits extracted from different experiments such
as XENON [57], LUX 2016 [58], and PandaX [59] are provided. The red-shaded region is where
the solutions cannot be accepted as they surpass the exclusion limits.

Figure 9. Dependence of the nucleon-DM spin-independent cross sections on the LSP mass for all
sneutrino LSP solutions. (Left) for the proton; and (Right) for the neutron. The exclusion limits
are extracted from different experiments such as XENON [57], LUX 2016 [58], and PandaX [59].

the inverse see-saw mechanism [60, 61], must be the lightest supersymmetric particle. Our
solution must meet the constraints for the relic abundance and both the DD and the
annihilation cross section exclusion limits.

To achieve this, we relax both the mass parameters for the sneutrinos and the sleptons
at the GUT scale, which are restricted to be m0 in the universal case. So now sneutrinos
get their masses at the GUT scale as specified by two new free parameters in this model,
ml̃ and mν̃ , thus decoupling slepton and sneutrino masses from squark masses which are
determined by m0. This relaxation helps lower the mass of sneutrinos and lie below the
mass of the neutralinos. We perform the scan for the range 400 to 700GeV specified for
the new free parameters describing the mass of sleptons and sneutrinos.

After performing the scans we find that most sneutrino LSP solutions agree with
the exclusion limits regarding the spin-independent DM-nucleon cross sections given by
XENON [57], PandaX-II [59], and LUX [58] experiments, as depicted in figure 9 for both
proton and neutron collisions. Thus, this scenario can yield sufficient conditions for the
sneutrino LSP solutions to satisfy the DD observables, in contrast to the universal and the
first non-universal case.
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Figure 10. (Left) Masses of all the sneutrino LSP solutions with respect to the relic density. The
red-shaded region comprises the acceptable range for the relic abundance for the DM candidate.
(Right) Indirect detection cross section 〈σv〉 for all the solutions including benchmark BM III,
compared to the experimental values for different annihilation channels based on the data from
Fermi-LAT [54].

Figure 10, left panel, also verifies that sneutrino LSP solutions found in this non-
universal scenario respect the relic density constraint in the red-shaded region, featuring
light sneutrino LSPs close to 500GeV. The right panel also confirms the compatibility of
the sneutrino LSP solutions with respect to the ID exclusion limits.

We thus verified the consistency of the sneutrino LSP solutions obtained by relaxing
the mass parameters for the sneutrinos and sleptons in the non-universal set-up. We
proceed with choosing a benchmark for implementing the collider simulation in section 5.2.2
aiming to find a suitable signal significance after imposing the considered cuts. The chosen
benchmark, BM III, is shown by a yellow circle in both figure 9 and figure 10, chosen
to be the one with the lightest mass for the sneutrino in the sneutrino LSP solutions that
satisfy all the DM-related constraints. The free parameters of this benchmark with the
lightest sneutrino as the DM candidate are summarized in table 6.

4.3 The muon anomalous magnetic moment

One of the main motivations behind any new BSM model is to explain the existing dis-
crepancy of the muon anomalous magnetic moment (muon g−2) between the expected SM
theory and the measured value both at Fermilab and previously at Brookhaven National
Laboratory (BNL). Fermilab recently presented the observed values for the muon g − 2
that show 3.3σ deviation from the theoretical prediction [62, 63]. If these observations are
averaged with the previously measured muon g − 2 at BNL [64], the present discrepancy
between the theoretical prediction and data is 4.2 σ:

∆aµ ≡ aExp
µ − aSM

µ = (25.1± 5.9)× 10−10 . (4.1)

Thus this is a challenge any new BSM model, including our model, must address: can one
explain it within the new model? Our extensive scans show that the U(1)R × U(1)B−L
model with universal boundary conditions is unable to provide any consistency with the
experiment, even at 3σ. To reconcile this long-standing discrepancy, we apply our analysis
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Parameter Value Parameter Value
m0 2859GeV vR 13253GeV
M1/2 1979GeV diag(Y ij

ν ) 0.106
tan β 36.25 diag(Y ij

s ) 0.407
tan βR 1.17 mν̃1 406.29GeV
A0 -6441GeV signµR −1
ml̃ 148GeV mν̃ 453GeV
µ11
S −23.67 eV µ22

S −142.28 eV
µ33
S −2810.23 eV
mνe 5.34× 10−4 eV mτ̃1 1066.35GeV
mνµ 3.21× 10−3 eV mµ̃1 1896.04GeV
mντ 6.34× 10−2 eV mẽ1 1898.53GeV
mt̃1 2607.66GeV mb̃1

3380.81GeV
MZ′ 4762.70GeV mg̃ 4257.01GeV

σSI
p = 1.48× 10−10 pb σSI

n = 2.27× 10−11 pb
ΩDM h2 = 0.096 〈σv〉 = 2.22× 10−26 cm3/s

Table 6. List of the free parameters for the chosen benchmark BM III in the second non-universal
scenario. Two free parameters are added to the list of the free parameters in table 3 asml̃ andmν̃ in
this non-universal scenario. This benchmark allows the possibility of having the lightest sneutrino
as the DM candidate, consistent with relic abundance and both DD and ID exclusion limits. As
before, we give the masses of the SM neutrinos, lightest squarks, gluino, Z ′, and sleptons. The
values for all parameters are given at the electroweak scale.

to the non-universal set-up of the model. New contributions leading to the increased values
for muon g−2 arise from the tree-level interactions between the sparticles and the muon [65].
We then try to find the benchmark (BM IV) featuring light neutralinos, charginos, and
sleptons that satisfy the experimental muon g− 2, to further investigate its implications in
the collider simulations in section 5.2.3.

To find consistent solutions, we relax both the coupling µR of χ̄R and χR and sneutrino
masses at the GUT scale and try to find the values for muon g − 2 within 3σ of 25.1 ×
10−10 , as per the experimental observation. The result of our search shows that the non-
universal set-up of the model is capable of obtaining values consistent with the muon g− 2
measurement within 2 σ from the experimental value, as shown in table 7.

Looking at table 7, we see that the mass scales for the scalar sparticles and gauginos
are very light in comparison to the previous benchmarks, as suggested by m0 and M1/2.
This in turn leads to the light neutralino LSP and the spectrum of the sparticles at the
EWSB scale. This is required to enhance the interaction among muon and light sparticles
at the tree level. The large value of tan β also is in agreement with previous works where
supersymmetric models benchmarks resolve the muon g − 2 problem [23]. Next, we show
the lightest neutralino, sneutrino, and slepton for all the solutions with the relic density
requirement, along with the difference between the SM predicted values for the muon g−2
in figure 11. In the top panel, we note that most of the neutralino LSP solutions consistent
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Parameter Value Parameter Value
m0 596GeV vR 13770GeV
M1/2 798GeV diag(Y ij

ν ) 0.39
tan β 48.58 diag(Y ij

s ) 0.54
tan βR 1.03 mχ̃0

1
336.86GeV

A0 1054GeV µR 2644GeV
mν̃1 466GeV ∆aµ 1.38× 10−9

µ11
S −4.39 eV µ22

S −41.52 eV
µ33
S −293.61 eV
mνe 7.15× 10−4 eV mτ̃1 354.27GeV
mνµ 6.76× 10−3 eV mµ̃1 577.09GeV
mντ 4.78× 10−2 eV mẽ1 577.68GeV
mt̃1 1391.37GeV mb̃1

1443.07GeV
MZ′ 4897.67GeV mg̃ 1792.75GeV

σSI
p = 7.57× 10−11 pb σSI

n = 8.24× 10−11 pb
ΩDM h2 = 0.126 〈σv〉 = 4.02× 10−28 cm3/s

Table 7. List of the values of the free parameters for BM IV in the non-universal set-up, where
coupling of χ̄R and χR and slepton masses are relaxed as a free parameter at the GUT scale. We also
show the masses of the SM neutrinos, lightest squarks, gluino, Z ′, and sleptons for this benchmark.
The calculated discrepancy of the muon g − 2 shows agreement within 2 σ from the experimental
value, based on the average of FermiLab and BNL observations. The values for all parameters are
given at the electroweak scale.

with the relic constraint are populated around 2σ difference from the experimental average.
We also note that masses of the lightest slepton are very close to those of the LSP for these
solutions, lying within the interval [300–400]GeV. This behavior is shared with all the other
benchmarks featuring the lightest neutralino as the LSP. Similarly, the lightest sneutrino
masses exhibit a mass gap between the LSP and the lightest slepton for all the solutions
that satisfy the relic constraint, located within [400–600]GeV range. Thus, we expect to
achieve a significant production cross section for a chosen signal process with slepton decay
as the intermediary step.

In the bottom panel of figure 11, we implemented the nonlinear regression considering a
polynomial dependence (degree = 4) based on the neutralino LSP solutions that satisfy the
relic density constraint and lie within 3σ from the muon g − 2 experimental average. This
curve verifies that increasing MSSM-like Higgs mixing results in decreasing the difference
of muon g − 2 from the experimental average, as suggested in the previous works [23].

In addition, figure 12 and figure 13 confirm that all neutralino LSP solutions that satisfy
the relic density constraint and lie within 3σ difference from the average experimental value
of muon g − 2 are consistent with the exclusion limits of DD/ID cross sections. This way,
we have verified that BM IV is compatible with the dark matter and is consistent with
the requirements imposed by the observed muon g − 2 at 3σ. As seen in figure 11, the
magnified region within figure 12, left panel, indicates the close mass spectrum of the LSP
and the lightest slepton for the solutions that satisfy the relic constraint.
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Figure 11. (Top) The muon g− 2 calculated in our model with respect to the mass of the lightest
neutralino, slepton, and sneutrino for all the found solutions. The average experimental value for
the muon g−2, along with lines corresponding to 1σ, 2σ, and 3σ differences from the measurement
are shown. The region including BM IV and most of the solutions for the LSP and the lightest
slepton is magnified for more clarification. (Bottom) tan β for all the solutions with respect to
the calculated muon g − 2 based on our model is presented. The nonlinear polynomial regression
(degree = 4) is performed based on the solutions that satisfy the relic density constraint and lie
within 3σ from the muon g − 2 experimental average.

In figure 13, the direct detection cross sections of the solutions satisfying the relic den-
sity constraint for both the proton and neutron cases show increased values in comparison
to the previous cases where the lightest neutralino is the LSP (figure 4 and figure 8). Most
of the acceptable solutions including the chosen BM IV are still outside 2σ of the exclusion
limits based on Xenon1T data [57]. We then ensure that BM IV is compatible with the
dark matter and can be used for the collider simulations in section 5.2.3.

4.4 Z ′ phenomenology

To add to the robustness of BM IV, which is our most promising benchmark satisfying both
dark matter and anomalous magnetic moment constraints, we examine the phenomenology
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Figure 12. (Left) Relic density versus masses of the lightest neutralino, sneutrino, and slepton.
The red-shaded region features the acceptable range for the relic abundance of the DM candidate.
(Right) Computed 〈σv〉 for all the solutions, including BM IV as compared to the experimental
values for different annihilation channels based on the data from Fermi-LAT [54].

Figure 13. Dependence of the nucleon-DM spin-independent cross sections on the LSP mass for
all neutralino LSP solutions that satisfy the experimental average of muon g − 2 within 3σ. (Left)
for the proton; and (Right) for the neutron. The exclusion limits are extracted from different
experiments such as XENON [57], LUX 2016 [58], and PandaX [59].

of Z ′, the new neutral gauge boson predicted by our model and many extended SUSY
models [66, 67].4 The dominant production mode at the LHC, pp → Z ′, is through the
s-channel and the dominant decay would be into fermionic pairs. The most restrictive of
those are decays into lepton pairs (` = e, µ). Searches at the LHC by both ATLAS [68]
and CMS [69] have set a 95% C.L. upper limit of 0.02 fb on the cross section, with lower
mass limits emerging from Z ′ → τ+τ− and final states with higher backgrounds such as
jj, t̄t, b̄b. We use the experimental data based on the direct collision of the protons at LHC
detected by both CMS and ATLAS for the dileptonic decay channel (e+ e− for this study,
as µ+µ− yield identical branching ratios in this benchmark) that can emerge above the SM
background. We then compare the data regarding the invariant mass of the dilepton decay
products of Z ′ with the calculation in our model.

Decays into additional particles (supersymmetric, singlet Higgs) would modify the
branching ratios into leptons. But unfortunately, the branching ratios into supersymmetric

4Note that while all of our benchmarks satisfy experimental mass limits for Z′ gauge boson, we choose
BM IV to highlight Z′ phenomenology.
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Parameter Value Z ′ decays Value
mh1 111.12GeV BR (Z ′ → h1 Z) 4.23× 10−3

mh2 126.98GeV BR (Z ′ → h2 Z) 3.06× 10−3

mh3 1063.27GeV BR (Z ′ → h3A
0
3) 5.51× 10−3

mh4 6157.57GeV BR (Z ′ → χ̃0
2 χ̃

0
3) 6.01× 10−4

mA0
3

1069.81GeV BR (Z ′ → e− e+) 4.66× 10−2

mA0
4

3701.48GeV BR (Z ′ → µ− µ+) 4.66× 10−2

MZ′ 4897.67GeV BR (Z ′ → τ− τ+) 4.66× 10−2

Table 8. Relevant masses and branching ratios for Z ′ boson in BM IV. Branching ratios regarding
dileptonic decays as well as the decay channels featuring Higgs (SM-like, MSSM-like, and new
singlets introduced by our model) as well as the dominant decays into light neutralinos are included.
The values for all parameters are given at the electroweak scale.

particles are very small. A previous analysis [70] of leptophobic Z ′ decays found out that in
supersymmetry, the Z ′ mass constraints can be lowered by at most 200-300GeV, depending
on various scenarios. We chose MZ′ = 4.5TeV to be conservative, also since this analysis
is an example of Z ′ phenomenology relevant for all benchmarks. For completeness, we list
the branching ratios for dileptonic decays of the Z ′ as well as the ones into Higgs bosons
and light supersymmetric products in table 8. Note also that the lightest Higgs in the
table is a singlet, and the largest branching ratio of Z ′ is into a singlet Higgs + a Z boson,
BR (Z ′ → h1 Z) = 4.23× 10−3, which is small.

We first simulate the hard-scattering cross section of p p → e+ e− with Z ′ as the
intermediary step employing the model introduced in this work. Then, considering the
branching ratio of Z ′ decay into e+ and e−, we compare the results based on our model
to the CMS and ATLAS data for different decay widths for the exclusion limits. We also
examine our results against predictions of the U ′(1)ψ model resulting from the additional
gauge group U(1)10+x5̄ for x = −3 to the MSSM gauge content [46].

Looking at figure 14, we see that BM IV and most of the solutions satisfying the
dark matter constraints obey the exclusion limits of Z ′ production cross section followed
by the leptonic decay channel Z ′ → e+ e− within the green shaded region. We also note
that the calculations based on U ′(1)ψ model indicate the accepted region for the mass of
Z ′ is where MZ′ > 4.2TeV, compatible with other works pertaining to Z ′ phenomenol-
ogy [71, 72]. Other than that, our solution for BM IV is in full agreement with the results
of U′(1)ψ model below and above the exclusion limits. This strengthens the robustness of
the calculations based on our U(1)R×U(1)B−L model, which incorporates different choices
of U(1) groups.

Thus, we demonstrated that BM IV satisfies all the LHC phenomenological con-
straints and respects the constraints of the dark matter while being fully compatible with
the experimental muon g − 2 average and the Z ′ phenomenological exclusion limits.

We are now ready to proceed with the collider simulation for all benchmarks to test
if the resulting signal significance for the chosen process is such that the signal shows
discovery promise. If successful, BM IV would showcase the success of the U(1)R ×
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Figure 14. Exclusion limits for Z ′ masses from production followed by the leptonic decay Z ′ →
e+ e− based on ATLAS and CMS data at different decay widths [46]. The solutions that satisfy
the dark matter observables based on our model along with the chosen BM IV are shown. The
same values for the U ′(1)ψ model [46] are also depicted, requiring the limit MZ′ > 4.2TeV to
comply with the experimental exclusion limits. The green shaded region indicates the parameter
span compatible to the experimental exclusion limits from Z ′ masses.

U(1)B−L model introduced in this work, satisfying all phenomenological limits imposed by
different experiments including exclusion limits upon the dark matter, Z ′ phenomenology,
muon g − 2, and all LHC constraints presented in table 3.

5 Collider signals of the U(1)R × U(1)B−L model

In this section, we look at possible collider signals for the model, analyzing both the cases
with the universal and non-universal boundary conditions (BM I–BM III). We try to
find any significant signal processes that rise over the background, based on the chosen
benchmarks, introduced in the previous section. We also inspect the collider signal of our
most promising benchmark, BM IV, that additionally satisfies the muon g−2 discrepancy
with the experimental constraint within 2σ.

5.1 The universal case (BM I)

We proceed to inspect the imprint of benchmarks based on the U(1)R×U(1)B−L model at
LHC. To investigate BM I, the universal case benchmark with the lightest neutralino as the
LSP, listed in table 4, which we singled out for the collider simulations, we implement the
model into MadGraph5_aMC version 3.2.0 [73] to simulate the hard-scattering cross section by
convolution with the LO set of PDF NN23LO1 [74] parton densities. We choose leptonic
final states for the simulation, with the intermediary sleptons decaying with significant
missing energy that implies the presence of the dark matter candidate in the final products.
Based on our investigation, the most promising process for producing a visible imprint of
the benchmark in the simulation is

p p→ µ̃− µ̃+, where µ̃− → µ− χ̃0
1 , µ̃+ → µ+ χ̃0

1 , (5.1)
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where µ̃−, µ−, and χ̃0
1 are smuons, muons, and the lightest neutralino respectively. For the

chosen benchmark, µ̃− has mass ≈ 1TeV. Thus, since its mass is significantly more than
the lightest neutralino, which is ≈ 500GeV, the expectation is that its decay generates very
energetic muons. The outcome would be a strong signal with missing energy, important
for the efficiency of the imposed cuts over the SM background events, yielding a significant
signal-to-background ratio.

For the chosen process, the calculated cross section is 6.49× 10−5 pb that leads to 194
simulated events in the HL regime (Lint = 3000 fb−1). Parton showering and hadroniza-
tion have been performed using PYTHIA 8 [75], and the response of the CMS detector for
the chosen process has been simulated with DELPHES 3 package [76] using the Snowmass
parametrization [77, 78]. We normalize the simulated events to the integrated luminosity
of 3000 fb−1.

For the background processes, we choose the SM processes that produce the energetic
muons. Processes that can generate jets are also considered, as in the experimental searches.
The chosen SM backgrounds are:

p p→ Z + jets , Z → µ+ µ−

p p→W+ W− + jets , W+ → µ+ νµ , W
− → µ− ν̄µ

p p→ t + jets , t→W+ b , W+ → µ+ νµ

p p→ t t̄, t→W+ b (W+ → µ+ νµ), t̄→W− b̄ (W− → µ− ν̄µ) . (5.2)

The reconstructed detector-level jets are simulated based on the anti-kT jet clustering
algorithm [79]. This is done employing FastJet program [80] using R = 0.6. After
MadGraph5_aMC computes many physical quantities relevant to the background and sig-
nal processes, we use MadAnalysis 5 package [81, 82] to scrutinize possible discrepancies
between generated signal and background events. We expect that the constraints on the
missing energy and transverse momenta would be the most stringent and constraining cuts,
as signal events have large missing energies while the background lacks them. The specified
cuts and the surviving events after imposing the cuts for both the background and signal
events are listed in table 9.

As seen in table 9, the most efficient cut requires the missing transverse energy to be
greater than 400GeV. We are able to reduce the background events below the signal events
by employing all imposed cuts. The resulting signal significance level has been calculated
by employing the relations as s [85, 86] and ZA (the Asimov significance) [84]

s = S√
B + σ2

B

, (5.3)

ZA =

√√√√2
{

(S +B) ln
[

(S +B)(S + σ2
B)

B2 + (S +B)σ2
B

]
− B2

σ2
B

ln
[
1 + σ2

BS

B(B + σ2
B)

]}
, (5.4)

where σB is the fluctuation in the background, and here we assume 20% uncertainty within
the background events [87]. Standard deviations correspond to an area equal to the p-value
under the rightmost tail of a normal distribution. So, the ZA significance reported in the
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Step Cut criterion Background Signal
0 No cut 1.3× 109 194.6
1 ET(jet) > 40GeV 8.4× 108 194.6
2 /ET > 400GeV 3035 124
3 pT (µ−) > 500GeV 126 57.6
4 pT (µ+) > 500GeV 9.6 20.9

s = 5.72σ
ZA = 7.44σ

Table 9. The result of the imposed cuts on both the signal and background events for BM I.
The surviving events for the integrated luminosity of 3000 fb−1 and the centre-of-mass energy of√
s = 14TeV are shown after each step. We use two significance relations s and ZA to calculate

the sensitivity of LHC to the signal [83, 84]. In addition, we have assumed 20% uncertainty within
the remaining background events after the terminal cut.

literature corresponds to an area equal to the p-value under the rightmost tail of a normal
distribution, given by the following transformation:

p =
∫ ∞
ZA

1√
2π

e−x
2/2 dx = 1

2

[
1− erf

(
ZA√

2

)]
By convention, the evidence of the signal under investigation corresponds to a significance of
at least 3σ (ZA = 3), which represents a probability of background fluctuation of 1.35×10−3.
One claims the observation or discovery in the case where the significance is at least 5σ,
corresponding to a p-value of 2.87× 10−7 [86].

The calculated significances using two relations are s = 5.72σ (σ representing the
standard deviation assuming the normal distribution of signal-to-background ratio) and
ZA = 7.44σ, indicating that this process has a promising significance over the SM back-
ground. As result, we see that even the U(1)R ×U(1)B−L model with universal boundary
conditions can generate a visible signal at the HL-LHC.

The result of our analysis is shown in figure 15, where we plot, for the signal and
background, (from top to bottom) the effective mass, the total energy, the missing energy,
and the transverse momentum of the anti-muon before imposing any cuts (left panel),
after imposing cuts 1 and 2 upon the transverse jet energy and total transverse missing
energy (middle panel), and after imposing all cuts (1 → 4, including cuts on the trans-
verse momenta of the muon and anti-muon) (right panel). This figure shows that the
only SM background process surviving the stringent cuts is p p → t t̄. While the middle
panel indicates that the cut on missing transverse energy is quite effective in eliminating
the background events, the right panel implies that the remaining signal events show a
distinctive behaviour for the transverse momenta of muons greater than 1000GeV.

To further investigate the BM I signal within existing LHC analyses, we explore the
existing collider data to ensure that the resulting signal, even with the promising signal
significance, cannot be excluded at the LHC. We chose the number of simulated events
based on the LO cross section of the relevant process. Different groups have developed
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Figure 15. Top to bottom: the effective mass, total visible energy, missing transverse energy, and
the transverse momentum of µ+, plotted for both the signal and background events corresponding
to the universal case benchmark (BM I). (Left) Before applying any cuts; (Middle) After imposing
the cuts 1 and 2 in table 9; (Right) After applying cuts 1 → 4 in table 9. The last cuts result in
9.6 background events in comparison to 20.9 signal events, yielding significances of s = 5.72σ, and
ZA = 7.44σ as mentioned in the text.
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the software packages to unravel the trace of new physics within the existing data at
LHC [88, 89], although the developed procedures do not include the uncertainties relevant
to the signal. These uncertainties can reduce the efficiency of our analysis for detecting
the signal of new physics within the data. Thus, here we employ the recasting module
of MadAnalysis 5 [90, 91] that incorporates the theoretical and systematic uncertainties
of the signal. Employing this module enables us to extrapolate the interpretation of the
result to a higher luminosity, and estimate the appropriate signal significance reached by
a chosen integrated luminosity.

Regarding BM I, the calculated cross section based on the LO parton distribution
function (PDF) is much lower than the expected exclusion cross section with 95% confidence
level (CL), based on table 10. This result can also be extrapolated to the HL regime,
where we set the integrated luminosity to be 3000 fb−1. We calculated both the scale and
PDF uncertainties for the simulated process and then included them quadratically in the
recasting process [75, 90] to ensure the feasibility of this benchmark. The details regarding
different LHC analyses and the extrapolation results are all summarized in table 10. The
results indicate that there is zero confidence level to exclude our signal at higher luminosity,
leading to further confidence in our results. Note that for recasting, we use the MadAnalysis
recasting module, which is based on specific experimental analyses, as in table 10. This
recasting uses the default Public Analysis Database (PAD) in the present MadAnalysis
5 v1.9 package. The existing analyses are based on searches for squarks and gluinos,
rather than for dedicated searches for staus, as in [92–95]. The same comment applies
to tables 10, 12, and 14. More information about the existing analyses can be found in:
http://madanalysis.irmp.ucl.ac.be/wiki/PublicAnalysisDatabase.

While reinterpreting a given LHC or CMS results in different theoretical contexts,
we include uncertainties in the signal. Theory errors on the total signal production cross
section induced by scale and PDF variations can be propagated through the reinterpretation
procedure. This results in an uncertainty band attached to the confidence level at which a
given signal is excluded.

Here we consider two sources of the theoretical errors for the simulations. One is
relevant to the scale at which parton showering is being done that can be considered inde-
pendent from the parton density error. Moreover, we take into account the parton density
employed for the parton showering simulation that regards another source of theoretical
error in the simulation of the signal events observable quantities. We assume the quadratic
sum of these two sources of errors in the simulation as the theoretical error (aside from
systematic error) for calculating the LO cross section. The calculation of the theoretical
errors is done using the systematics module inside MadGraph using LHAPDF. We use this
generated error information in MadAnalysis for the reinterpretation of the chosen LHC and
CMS analyses against the simulated signal, as it can impact the exclusion of the simulated
signal. For more information on this, see [90].

We now extend our collider analysis to the benchmarks for the U(1)R×U(1)B−L model
with non-universal boundary conditions at the GUT scale.
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σLO (pb) Scale Uncertainty PDF Uncertainty
4.621× 10−5 [−9.4%, 11%] [−8.34%, 8.34%]

L (fb−1) σexp
95% (pb) Exclusion CL (%)
ATLAS-EXOT-2018-05 [96]

156 30.25 0.39%
Projected HL: 3000 4.92 0.33%

ATLAS-SUSY-2018-31 [97]
139 0.342 0%
Projected HL: 3000 0.066 0%

ATLAS-CONF-2019-040 [98]
139 5.58 0.12%
Projected HL: 3000 1.19 0%

ATLAS-SUSY-2016-07 [27]
36 10.85 0%
Projected HL: 3000 1.16 0.36%

Table 10. The result of the recasting for four different analyses for BM I. 10000 events are first
simulated at hadronic level with

√
s = 13TeV. Relevant systematics are implemented, resulting in

the uncertainties of the LO PDF and the scale as shown. The luminosity is projected to the HL
regime as Lint = 3000 fb−1, and the resulting exclusion cross section is calculated, indicating the
difference with respect to the simulated cross section of the chosen signal process. A zero confidence
level indicates the likelihood that the signal will not be visible.

5.2 Non-universal scenarios

5.2.1 χ̃R - ˜̄χR LSP (BM II)

We saw in 4.1 that the BM II LSP composition is mostly the higgsinos belonging to the
new singlet Higgs particles included in the model. This benchmark satisfied all the low
energy and dark matter constraints. We now proceed to test its signature with the collider
simulations against the relevant SM background.

The most promising process for the simulation is again slepton production as the domi-
nant channel. This time, the intermediate particle is the stau, but here the phenomenology
is different from before. The resulting taus would not be hard as compared to the muons in
the BM I for the universal case since the mass of the lightest neutralino is close to that of
the stau. We thus must change the choice of cuts on the physical observables. The chosen
process is as below, leading to a significant cross section, 2.545 pb, that leads to a large
number of simulated signal events in the HL regime of the LHC.

p p→ τ̃− τ̃+ τ̃− → τ− χ̃0
1 τ̃+ → τ+ χ̃0

1 . (5.5)

We chose the number of simulated events based on the LO cross section of the signal.
Increasing the cross section would impact the number of the generated events through
projecting on the HL regime. We then need more hadron-level simulated events to add to
the accuracy of the whole recasting process for a specific chosen integrated luminosity. We
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checked many analyses by LHC and CMS to recast our signal simulation and chose the ones
featuring dominant regions for signal-to-background ratio for the tables. Thus we zoomed
in on the analyses that can include observable regions where the signal can overwhelm the
background by employing pyhf likelihood calculation.5 We have implemented whole this
process in the MadAnalysis package in the reconstruction mode which justifies why the
simulations at hadron level have been incorporated. For instance, since the cross section
for BM II is much larger than that for BM I, we need to generate more events to perform
the analysis for fixed luminosity, since Lint ≡ N(events)

cross section .
The chosen SM background processes are the same as in the universal case with the

leptonic decay, but this time τ− and τ+ and the relevant neutrinos would be the products
of the decays.

p p → Z + jets , Z → τ+ τ−

p p →W+ W− + jets , W+ → τ+ ντ , W
− → τ− ν̄τ

p p → t t̄ t→W+ b (W+ → τ+ ντ ) , t̄→W− b (W− → τ− ν̄τ ) . (5.6)

Inspecting the physical observables, such as lepton momenta, missing transverse energy,
pseudorapidity, etc. by employing MadGraph5_aMC, we see that the scale and the centre-of-
mass energy for the events can be considered as efficient cuts, that can lead to a distinction
between signal and background. Thus, we impose a stringent cut on these observables
to differentiate the signal and background events in MadAnalysis analysis. The resulting
eight cuts are listed in table 11. For SUSY models the decay chain always ends with an
LSP, which is left undetected at the collider. This makes mass reconstruction procedure
difficult. There is an easy way to approach guessing the scale of the new physics through
the parameter event scale s1/2

min, defined as

s
1/2
min =

√
E2 − P 2

z +
√
/E

2
T +M2

invisible (5.7)

where E is the total calorimeter energy, P the total momentum, and M2
invisible the mass of

the invisible particle [99].
From table 11, we note that the energy scale of the simulated events is the most

sensitive observable for the simulated events, with the event scale required to be greater
than 1500GeV. This suggests that the resulting LSPs would be very energetic, which is
understandable since they are very light. In contrast to the BM I that included the
energetic muons, the benchmark BM II in the non-universal setup leads to very energetic
neutralinos as the LSPs. This result is novel and distinguishes this benchmark in the
collider searches.

The results of the cuts are plotted in figure 16 for the scale of the events and the
transverse missing energy before and after imposing eight cuts. We show (top to bottom),
the effective mass, event scale, transverse missing energy, and the transverse momentum
of τ+. The panels at the left show the signal and background events before imposing any

5https://pyhf.readthedocs.io/_/downloads/en/latest/pdf/.
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Step Cut criterion Background Signal
0 No cut 1.3× 109 7.6× 106

1 ET (jet) > 20GeV 2× 107 7.6× 106

2 /ET > 50GeV 1.4× 107 2.8× 105

3 pT (τ+) > 70GeV 3× 106 6.1× 104

4 pT (τ−) > 70GeV 8.5× 105 3328
5 |η| (τ−) > 0.5 5.5× 105 2487
6 |η| (τ+) > 0.5 4.1× 105 2090
7 Event scale > 1500GeV 13.42 2090
8 Meff > 400GeV 0 2090

Table 11. The result of the imposed cuts on both the signal and background events for the first
scenario of the non-universal case, BM II. The surviving events for the integrated luminosity of
3000 fb−1 and the centre-of-mass energy of

√
s = 14TeV are shown after each step. The event

scale, referring to the energy of the process, is the most efficient cut when restricted to be quite
large. This indicates that the energetic LSPs, rather than taus, are signatures in this non-universal
scenario.

cuts, the middle panels show the result of imposing the first 5 cuts in table 11, and the
right panels show the results of imposing all eight cuts. Here we define the effective mass as

Meff ≡ E sum
T = Σ|pT (l)|+ /ET (5.8)

As can be seen in the right-side figures, no background events survive the cuts. In the cases
where we eliminated the background, and only signal events remain, we do not calculate
the significances, as indeed this will not make sense. In those cases, surviving signal events
explicitly overwhelm the background. Since, after imposing relevant cuts, the signal-to-
background ratio would not abide by a normal distribution, the p-value characterizing the
signal significance level would be negligible. In those cases, the only observed events at the
collider will be coming from the signal process. It is also seen in the right panel that the
remaining signal events after applying cuts feature very energetic neutralinos, as the mean
of the event scale is around 2527GeV with an RMS of 704.4GeV. So, the distinguishing
feature of this scenario is very energetic LSPs, surviving after imposing cuts on the event
scale. In addition, the missing energy of the remaining signal events has an average of
71GeV with an RMS of 26.43GeV, which suggests that the resulting taus are soft, while
the average for the centre-of-mass energy is close to 1000GeV.

Now, we proceed with reinterpreting the analysis ATLAS-SUSY-2016-07 [27] to ensure
that the chosen process for BM II is able to stand out against the SM background, lying
under 95% exclusion confidence level for the HL regime calculated with the MadAnalysis
5 package in the reconstruction mode. We first simulated 2 million signal events for the
chosen process at the hadronic level using PYTHIA 8 package and then evaluated the sys-
tematics to find the uncertainties of the simulation. For recasting the simulated signal, we
have chosen the number of simulated events based on the LO cross section of the relevant
process. Increasing the cross section would impact the number of the generated events
through projecting on the HL regime. We then need more hadron-level simulated events
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Figure 16. Top to bottom: the effective mass, event scale, transverse missing energy, and the
transverse momentum of τ+ for BM II. (Left) The signal and the SM background events before
applying any cuts; (Middle) Signal and background events after imposing the first six cuts listed
in table 11; (Right) The signal and the SM background events after applying all the eight cuts in
table 11. After applying all the cuts, all the SM background events are rejected, while 2090 signal
events survive.
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σLO (pb) Scale Uncertainty PDF Uncertainty
2.171 [−4.97%, 5.4%] [−2.12%, 2.12%]

L (fb−1) σexp
95% (pb) Exclusion CL (%)
ATLAS-SUSY-2016-07 [27]

36 3.67 57.16%
Projected HL: 3000 5.01 60.74%

Table 12. The result of the recasting for ATLAS-SUSY-2016-07 [27] analysis for BM II. 2× 107

events are simulated at hadronic level with
√
s = 13TeV. The relevant systematics ( as calculated

by MadGraph) result in the uncertainty of the LO PDF and the scale as shown. The luminosity is
then projected to the HL regime as Lint = 3000 fb−1, and the resulting exclusion confidence level
is calculated.

to add to the accuracy of the whole recasting process for a specific chosen integrated lu-
minosity. As before, we also checked many analyses by LHC and CMS to recast our signal
simulation, and we chose the ones featuring dominant regions for signal-to-background
ratio for table 12.

The result, shown in table 12, suggests that the signal is still acceptable, given the
fact that the exclusion confidence level is below 95% for the employed analysis in the HL
regime. We then verify the collider signature of BM II with the collider simulation at√
s = 14TeV and recasting ATLAS-SUSY-2016-07 [27] analysis at

√
s = 13TeV. Again,

this indicates that the signal survives at higher luminosities.

5.2.2 Sneutrino LSP (BM III)

The first chosen benchmark rfor the non-universal boundary conditions scenario was suc-
cessful as it unleashed the possibility of energetic light LSPs that can increase the chance
for their discovery.

For the next non-universal scenario, we analyze the signal of the chosen benchmark
BM III obtained in 4.2 in which the lightest sneutrino is the LSP. After simulating many
different processes at

√
s = 14TeV, we found that there are no processes exhibiting a

sufficiently large cross section to generate enough events in the HL regime that, after
imposing effective cuts, can be distinguished from the SM background. The reason is
shown in figure 17 which includes the mass spectrum of the LSP and the lightest neutralino
and slepton for all the sneutrino LSP solutions that satisfy the relic density constraint.
Figure 17, the left panel, suggests that the light sneutrino LSP solutions under 500GeV
correspond to a large mass gap with the lightest neutralino and slepton masses. This
is the reason why the dilepton products cannot be considered the final products for the
simulation. Moreover, considering the lightest neutralino in the intermediary step of the
decay channel that results in LSPs and neutrinos, this process cannot generate a discernible
signal at LHC, as the products would just generate a signal of transverse missing energy
without any observable particles as the products. Figure 17 right panel also shows that
the RH sneutrinos and S̃ are the dominant ingredients of the sneutrino mass eigenstates.
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Figure 17. (Left) Mass distribution of LSP and the lightest neutralino and slepton for all the
sneutrino LSP solutions that satisfy the requirements of the dark matter experiments. (Right)
Composition of sneutrino LSP indicating the dominance of the RH sneutrinos and S̃ within the
mixings resulting in the sneutrino mass eigenstates.

To recap, BM III is not a promising benchmark at the LHC because the sleptons and
neutralinos are both much more massive than the first three lightest sneutrinos. Meanwhile,
the processes with low-mass products that can signal a distinguishable missing transverse
energy have very small branching ratios. Thus, we are unable to find a collider signature for
the case where the lightest sneutrino is the DM candidate within non-universal boundary
conditions at the GUT scale.

5.2.3 Bino-dominated neutralino LSP (BM IV)

In this section, we look at the HL-LHC signatures for BM IV, which is the benchmark
of the non-universal scenario that can resolve the muon g − 2 discrepancy while being
consistent with all the requirements of dark matter experiments, low energy data, Higgs
data, and Z ′ phenomenology, as in section 4.3. Our aim is to find a signal with considerable
significance with respect to the SM background after imposing cuts, thus yielding a visible
signal at the LHC.

Looking at the mass spectrum defining BM IV, we see the large difference between the
mass of the smuon and that of the lightest neutralino, which is around 240GeV. This can
generate energetic LSPs from the smuon decay, exhibiting a large transverse momentum
for the resulting muon. A substantially generated signal of missing energy for the LSP can
be again the key to distinguishing the signal from the SM background, as in the universal
case. For this benchmark, we choose the signal process as follows

p p→ µ̃− µ̃+ , µ̃− → µ− χ̃0
1 , µ̃+ → µ+ χ̃0

1. (5.9)

Noting that the smuons are light, and their branching ratios for the decay to LSP are
considerable, we calculate the cross section for this process as 1.93×10−4 pb, using LO PDF
and

√
s = 14TeV. We simulate 581 signal events in the HL regime (Lint = 3000 fb−1)

that could be distinguished from the SM background events after imposing the cuts. The
chosen SM background for this process is the same as in the universal case since the final
decay products are the same. Thus, we expect to leverage from the similar cuts as in the
universal case but with increased missing energy for the working cut based on the larger
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Step Cut criterion Background Signal
0 No cut 1.3× 109 581
1 ET (jet) > 20GeV 2× 107 581
2 /ET > 200GeV 1.5× 105 357
3 pT (µ+) > 200GeV 1.4× 104 203
4 pT (µ−) > 200GeV 2121 94
5 Event scale > 2000GeV 1.9 45.3
6 Meff > 1500GeV 0 45.3

Table 13. The result of the imposed cuts on both the signal and background events for BM IV,
satisfying all dark matter constraints, low energy constraints, the muon g− 2 average experimental
value, and the Z ′ phenomenology. The surviving events for the integrated luminosity of 3000 fb−1

and the centre-of-mass energy
√
s = 14TeV are shown after imposing each cut. All the SM

background events are eliminated, while 45 signal events survive after applying all the cuts.

difference between the mass of the smuon with respect to that of the LSP. The imposed
cuts are summarized in table 13.

As in BM II, the event scale and the effective mass are responsible for distinguishing
the signal from the SM background, since the signal exhibits a large effective mass and
event scale in comparison to the background. The result is that we are able to reject all
background events while keeping 45 signal events, as depicted in figure 18. In figure 18,
we plot, for the signal and background, (from top to bottom) the effective mass, the total
energy, the missing energy, and the transverse momentum of the anti-muon before imposing
any cuts (left panel), after imposing cuts 1 and 2 upon the transverse jet energy and total
transverse missing energy (middle panel), and after imposing all cuts (1 → 6 , including
cuts on the transverse momenta on the muon and anti-muon), (right panel). This last
panel shows that the remaining signal events after imposing all cuts feature a large span of
the transverse missing energy and momenta within [200–800]GeV as a result of the large
difference between the smuon and the LSP masses.

Last, as before, we add to the robustness of our simulation by reinterpreting the LHC
analyses regarding the chosen signal process for BM IV. We performed the recasting using
MadAnalysis 5 package by first simulating 500 k signal events at hadronic level with the
centre-of-mass energy

√
s = 13TeV, as shared by the existing LHC analyses. Next, the

systematics analysis is performed to reach the uncertainties of the employed PDF and
the scale. We then projected the result to the HL regime, where previous simulation at√
s = 14TeV was shown. The expected exclusion cross sections have been found to be

many orders higher than the simulated cross section of the signal process with almost
zero exclusion confidence level for the regions where signal is seen to be above the SM
background, based on CMS-SUSY-16-048 [100], ATLAS-SUSY-2018-31 [97], and ATLAS-
SUSY-2016-07 [27] analyses, as summarized in table 14. This means that BM IV has a
very robust signature for experimental observation, as we have combined the verification
based on the LHC constraints, dark matter exclusion limits, Z ′ phenomenology, muon g−2
existing discrepancy, and collider simulation against the SM background, and finally being
strengthened by reinterpreting the existing LHC analyses.
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Figure 18. (Top to Bottom) The effective mass, the total energy, the missing energy, and the
transverse momentum of the anti-muon for BM IV. (Left) Before imposing any cuts; (Middle)
After imposing cuts 1 and 2 from table 13; (Right) After imposing all cuts from table 13. All the
SM background events are rejected based on the cuts, while 45 signal events survive.
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σLO (pb) Scale Uncertainty PDF Uncertainty
1.556× 10−4 [−6.61%, 7.35%] [−5.68%, 5.68%]

L (fb−1) σexp
95% (pb) Exclusion CL (%)

CMS-SUSY-16-048 [100]
36 28.76 0.68%
Projected HL: 3000 2.47 0.39%

ATLAS-SUSY-2018-31 [97]
139 5.64 0%
Projected HL: 3000 1.93 0%

ATLAS-SUSY-2016-07 [27]
36 129.81 0%
Projected HL: 3000 13.84 0.23%

Table 14. The result of the recasting, relevant to three different analyses. 500 k events are first
simulated at hadronic level with

√
s = 13TeV for BM IV. The relevant systematics are then

implemented, resulting in the uncertainty of the LO PDF and the scale, as shown in the table.
The luminosity is projected to the HL regime as Lint = 3000 fb−1, and the resulting exclusion
cross section is calculated, indicating several orders of difference with respect to the simulated cross
section of the chosen signal process for BM IV.

6 Summary and conclusion

We have presented a comprehensive analysis of the supersymmetric model based on
SU(3)c × SU(2)L × U(1)R × U(1)B−L gauge group. This model is a simplified version
of the full left-right supersymmetric model and exhibits a simpler and more transparent
particle content. The additional symmetry is broken down to the MSSM by the addition of
two singlet superfields, the scalar components, which develop the required VEVs to break
the symmetry. In addition to these, the model includes three superfields Ŝ (one for each
lepton family), the fermionic component of which is responsible for the seesaw mechanism
providing neutrino masses. In the gauge sector, there is only W±L in the charged sector,
while the neutral sector contains W 0

L, BR and BB−L, which mix to yield the photon, the
Z, and the Z ′ gauge bosons.

As is the case for LRSUSY, this model can be thought of as emerging from a SO(10)
SUSY GUT model. In this case, boundary value conditions at the GUT scale impose
universality of all scalar m0 and gaugino mass parameters M1/2. Tadpole equations fix
the soft masses in the model, resulting in rather heavy masses for all the superpartners.
We show that in that case, the lightest supersymmetric particle is always a mixture of the
two binos λR and λB−L. This is the only possibility of surviving the low energy collider
restrictions as well as the stringent constraints from the relic abundance, and the direct and
indirect detection exclusion limits. Universal scenarios with sneutrino LSP survive the relic
abundance constraint but fail direct detection limits. We chose a promising benchmark for
the bino-dominated LSP, BM I, and show that this shows promise for being observed
at the HL-LHC. In this case, the expected signal is a final state with two very energetic
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muons and missing energy, generated by the fact that the smuons have masses around
1TeV, while the lightest neutralino mass is around 500GeV. The found significance is over
5σ, its precise value depending on the choice of the calculated significance. We performed
recasting, which indicates that the signal is robust against projections at higher luminosity
based on several ATLAS and CMS existing analyses.

We then extend the analysis of the U(1)R × U(1)B−L to the case where universal
boundary conditions are relaxed, that is, we do not necessitate that the model is the result
of the breaking of some GUT supersymmetric model. We first relaxed requirements on
µR, connecting the two new singlet superfields in the model. This yields the interesting
possibility that the LSP is mostly χ̃R− ˜̄χR higgsino, a non-MSSM state. The representative
benchmark BM II is chosen among points that satisfy all dark matter constraints, to have
a light mass, which could be indicative of promising collider signals. Indeed, in this case,
collider signatures emerge from events with taus in the final state, from intermediate decay
processes involving staus. These staus would be soft, not hard as the muons in the BM I
for the universal case since the mass of the lightest neutralino is close to that of the stau.
However, in that case the neutralinos are very energetic, and cuts on the missing energy
can completely eliminate the background. As before, this signal is shown to be robust in
recasting.

For the second benchmark of the non-universal scenario, we relaxed universality con-
ditions on the slepton and sneutrino masses. Allowing these to disconnect from squark
masses yields sneutrino LSP scenarios that now satisfy all dark matter sector constraints.
We are able to choose a benchmark BM III representative for this scenario, which ex-
hibits a light sneutrino. Unfortunately, this scenario cannot yield any discerning signals
at the collider. The reason is that there is a large mass gap between the LSP and the
lightest neutralino and slepton masses, which means that the dilepton decay products do
not emerge as the final products for the simulation. Here the lightest neutralino appears as
the intermediary step of the decay channel, and the final products of the decay generate a
signal of transverse missing energy without any observable particles. While this benchmark
may be testable at XENONnT, it unfortunately yields no visible collider signals.

While all the benchmarks analyzed so far obey the DM constraints and even show
promising signals at colliders, none of the benchmarks can explain the discrepancy between
the calculated and the measured value for the anomalous magnetic moment of the muon. A
careful scan of the parameter space yields BM IV, a new parameter point within the non-
universal scenario, which satisfies the muon g−2 within 2σ by relaxing both constraints on
µR and slepton masses. This LSP is again a bino-dominated (λR − λB−L) neutralino. We
also chose this benchmark to show that, in addition to satisfying all previous constraints
and muon g − 2, it is also consistent with the Z ′ phenomenology. Note that while all
other benchmarks and parameter points satisfy Z ′ constraints, we chose this benchmark to
illustrate Z ′ phenomenology. While Z ′ masses and branching ratios differ (only slightly)
among the benchmarks, this analysis holds for all benchmarks. At the LHC, this benchmark
yields similar signals to the bino-dominated LSP in the universal scenario. However, in
this case the smuons are allowed to be much lighter, so similar cuts as in the universal
case but with increased missing energy based on the larger difference between the mass
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of the smuon with respect to that of the LSP, yield signal events with no background. In
addition, we showed that this signal (BM IV) is robust by employing recasting.

In conclusion, an analysis of the U(1)R×U(1)B−L supersymmetric model reveals several
scenarios consistent with low energy, collider, and dark matter constraints, which can
show distinct signatures at the HL-LHC. A thorough investigation of the parameter space
indicates that, while sneutrinos can be LSPs consistent with dark matter constraints in
scenarios with non-universal boundary conditions, their imprint at the LHC is invisible
and only scenarios with neutralino LSPs (albeit non-MSSM like) survive. Through effective
choices of benchmarks, we showed that these signals have significances of 5σ or more, and
in many cases we are able to eliminate the background entirely. We performed recasting
for all the benchmarks visible at the LHC and show their robustness.

Our analysis indicates at least 3 promising benchmarks (two of which can be rendered
background-free, after effective cuts) which, together with dark matter experiments such
as XENONnT, collider signals, and Z ′ phenomenology, could be distinguished from other
supersymmetric models. This indicates that searching for the U(1)R×U(1)B−L supersym-
metric model at the HL-LHC is very promising.
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