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ABSTRACT: We investigate long-lived particles (LLPs) produced in pair from neutral cur-
rents and decaying into a displaced electron plus two jets at the LHC, utilizing the proposed
minimum ionizing particle timing detector at CMS. We study two benchmark models: the
R-parity-violating supersymmetry with the lightest neutralinos being the lightest super-
symmetric particle and two different U(1) extensions of the standard model with heavy
neutral leptons (HNLs). The light neutralinos are produced from the standard model Z-
boson decays via small Higgsino components, and the HNLs arise from decays of a heavy
gauge boson, Z’. By simulating the signal processes at the HL-LHC with the center-of-
mass energy /s = 14 TeV and integrated luminosity of 3 ab—!, our analyses indicate that
the search strategy based on a timing trigger and the final state kinematics has the poten-
tial to probe the parameter space that is complementary to other traditional LLP search
strategies such as those based on the displaced vertex.
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1 Introduction

In recent years there is a surge of interest in long-lived particles (LLPs) featuring new
physics beyond the Standard Model (BSM). This is not only due to the non-observation
of new particles at the Large Hadron Collider (LHC) so far, but also to the fact that
LLPs are widely predicted in many BSM models (see refs. [1-3] for reviews of LLPs
searches and models). LLPs can be charged or neutral, and the latter is usually more
challenging to search for in experiments. For instance, a class of “portal-physics” models
proposed to explain the dark matter or the non-vanishing neutrino masses often predict ex-
istence of long-lived neutral light mediators of different spins, such as heavy neutral leptons
(HNLs) that mix with the active neutrinos [4-8] and dark photons that arise from kinetic
mixings in the minimal U(1) extension of the Standard Model (SM) [9-13]. Such LLPs
can be produced at colliders and may have eluded experimental searches, simply because
of our previous choices of search strategies aimed mainly at new heavy particles decay-
ing promptly. Indeed, the ATLAS and CMS collaborations have performed various LLP
searches with distinct collider signatures, including disappearing tracks [14-16], displaced
leptons [17, 18], and heavy charged particles [19]. Moreover, a number of far detectors
designed specifically for LLP searches have been proposed to be installed with a distance
of 5—500 m from different interaction points (IPs) of the LHC. These include for instance
FASER [20, 21], MATHUSLA [1, 22, 23], and MoEDAL-MAPP [24, 25]. In particular,
FASER and MoEDAL-MAPP1 have been approved for operation during the upcoming
LHC Run-3, in the hope of observing displaced-decay events in the vicinity of the ATLAS



and LHCDb IPs, respectively. These far-detector experiments mainly search for signatures
such as displaced tracks or vertices. Beyond these programs, future lepton colliders have
also received substantial attention for LLP searches at Higgs factories and muon colliders
(see e.g. refs. [26-28])

A novel general strategy to search for LLPs was proposed in ref. [29], focusing on the
time-delay feature of the LLP decay products, which arises mainly from the nonrelativistic
speed of not-so-light LLPs. Precision timing upgrades have been proposed at various LHC
experiments, including ATLAS [30, 31], CMS [32], and LHCb [33]. In particular, the
future MIP (minimum ionizing particle) timing detector (MTD) at the CMS experiment
is expected to have a time resolution of 30 picoseconds (ps) for charged particles in the
high-luminosity LHC (HL-LHC) era, and we will focus on this setup in this study. Such
precision timing upgrades are originally purposed primarily for reduction of pileup foreseen
with the upcoming high-luminosity collisions. However, incidentally they would also allow
for discriminating the LLP signatures from SM background, enhancing the sensitivities
to LLPs [29].

Such enhancement brought by using the timing information was exemplified in ref. [29]
for two benchmark models: SM Higgs decay to a pair of long-lived glueballs, and a long-
lived neutralino in the gauge mediated supersymmetry breaking scenario. Following that,
refs. [34, 35] investigated respectively long-lived dark photons in a model with two extra
U(1) gauge bosons, and HNLs from the SM Higgs decays in an effective model. In par-
ticular, the results from the latter can be re-interpreted in terms of the U(1)p_r model
which is considered here. Additionally, refs. [36, 37] proposed to use the precision timing
information for the determination of the LLP mass and the identification of charged LLPs,
respectively. All these works have demonstrated the huge potential of the timing detector
for LLP searches in general, as well as its complementarity to the existing LHC searches
in the studied scenarios.

In this work we move beyond to investigate two electrically neutral LLP candidates
that are pairly produced in the same topological process at the LHC and also decay to
almost identical final-state particles. The first theoretical scenario is R-parity-violating
(RPV) supersymmetry (SUSY) (see refs. [38—40] for reviews) with the lightest neutralinos
produced from the SM Z-boson decays. The lightest neutralino is dominantly bino-like
with small Higgsino components coupled to the Z-boson. The lightest neutralino may
decay via an RPV coupling into leptons and jets. The other physics scenario involves two
slightly different U(1) extensions of the SM, predicting a new gauge boson, Z’, and three
HNLs. The Z’ boson can be produced directly on-shell from proton-proton collisions and
decays to a pair of HNLs which can further decay to leptons and jets. Both channels naively
lack associated charged prompt objects and entail a pair of charge-neutral LLPs, rendering
the usual triggering and tracking difficult. It presents a major challenge to experiments.
However, we will show in this paper the advantages of using the timing information for
this type of signal channels.

In section 2 we introduce the two models we consider. Section 3 details the CMS
timing detector and our search strategy, and discusses briefly the background estimate.
In section 4 we explain the simulation procedure and present the numerical results. We
conclude the paper and provide an outlook in section 5.



2 Models

In this work we focus on two benchmark models that would lead to LLPs pairly produced
from neutral currents with very similar signatures. Both the lightest neutralino and the
HNLSs become long-lived because of light mass or feeble couplings to the SM particles. We
describe these models and the relevant constraints in detail in this section.

2.1 Light neutralinos and the R-parity-violating supersymmetry

One of the major deficiencies of the SM is the hierarchy problem [41, 42]. A possible
theoretical solution to this problem is to invoke a new symmetry between the fermions
and bosons, known as the supersymmetry [43, 44]. The minimal realization of the theory
with matter contents is known as the Minimal Supersymmetric Standard Model (MSSM).
In the MSSM, a priori a so-called “R-parity” is assumed as conserved, so as to attain
proton stability at the renormalizable level. It also has the consequence that the lightest
supersymmetric particle (LSP) has to be stable and can serve as a dark matter candidate.
However, it is still legitimate to consider R-parity-violating SUSY (RPV-SUSY). If the
R-parity is broken, the MSSM superpotential is extended by the following operators:

Wapv = &Li - Hy, + %AWLZ- - LjEj + NijpLi - Q Dy

+ XU D, (2.1)
where the i, j, k are generation indices. These operators imply much richer phenomenologi-
cal discussion both at colliders and with low-energy observables. Allowing all the operators
to be nonvanishing would lead to a too fast proton decay rate, unless the RPV couplings
are extremely tiny. However, it is possible to consider a model where only certain sets of
the operators in eq. (2.1) are present. For example, if we invoke the baryon triality Bs
symmetry, the baryon-number-violating terms will vanish [45, 46], while the others, which
violate lepton number, would remain, thus the proton would not be predicted with a too
fast decay rate.! In this work, we choose to focus only on the operator L; - QjDk with the
generation indices (i, 7, k) = (1,1, 2), as a benchmark scenario.

While the LHC has obtained stringent bounds on masses of squarks and gluinos [48-52],
the mass of the lightest neutralino is relatively loosely constrained. If the GUT (grand-
unified-theory) relation M; = 1/2 M, on bino and wino masses and the dark matter
assumption are dropped, the lightest neutralino can be as light as in the GeV scale or
below [53-61], at the same time in consistency with astrophysical and cosmological con-
straints [62—68]. Such light neutralinos have to be bino-like [60, 61], and should decay
to avoid overclosing the Universe [69-72]. In fact, one of the scenarios where the lightest
neutralino can decay is exactly the RPV-SUSY. With an RPV operator, e.g. L - Q1 Do,
the GeV-scale neutralinos can decay via an off-shell sfermion to two quarks and a lepton,
at the parton level. Further, given the required relatively small values of A, /m?;, the

lightest neutralino with mass mgo < O(10) GeV can become long-lived. Once produced

'For a recent update on proton decays in the RPV-SUSY, see ref. [47].
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Figure 1. c7go vs. myo, for various values of /\112/mf.

at a collider, it can travel a macroscopic distance before decaying, leading to spectacular
collider signatures.

We extract the present bound on A}, from ref. [73], which depends on the mass of the
right-chiral strange squark, mz:

11y < 0.16 x 1”1;3/ +0.030. (2.2)

For simplicity, for the rest of this work, we will assume degenerate sfermion masses. As-
suming the lightest neutralino is dominantly bino-like and is the LSP, we then estimate
the proper decay length of the lightest neutralino, €T30 and express it with the following

mz \4 (10 GeV\® /0.01\2

N 7

e = (2.8 m)(lTeV) < - ) <Nm> , (2.3)
1

formula:

We crosscheck eq. (2.3) by performing numerical evaluation with a UFO (Universal Feyn-
Rules Output) [74] model file for the RPV-SUSY model [75] and MadGraph 2.7.3 [76], and
find good agreement. Compared to a similar expression, eq. (8) of ref. [77] for the same
coupling N5, eq. (2.3) is slightly smaller by a factor of ~ 1.144. In figure 1 we show a plot
of the lightest neutralino proper decay length versus mass, for different values of |5/ mfc
At colliders and B-factories, such long-lived light neutralinos can be produced in differ-
ent channels, including decays of Z-bosons, mesons, 7 leptons, and squarks (see refs. [77-85]
for previous relevant studies). In this work, we focus on the s-channel Z-boson decay into a
pair of light neutralinos. The SM Z-bosons do not couple to binos or winos, but the small
components of Higgsinos in the GeV-scale neutralinos are sufficient to allow for large sensi-
tivity reach at the LHC, by virtue of the large production rate of the Z-bosons. With the
current bounds on the Higgsino mass as well as the invisible decay width of the Z-boson,
an upper bound of Br(Z — {Ix!) ~ 1073 can be obtained [78]. Thus in this work, we will
treat Br(Z — YIx?),% as an independent parameter, together with M0 and N5/ m?

2Here, Br(Z — )Z?)Z?) is for negligible neutralino masses. In the numerical computation, we take into

account the phase space effect, which becomes more important for mgo ~mz /2.
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Table 1. Field content and charge assignments in the non-exotic U(1)x model. i = 1,2,3 is
generation index. %a: g and 2z are the U(1)x charges assigned for the SM Higgs boson H and the
new Higgs boson ®, with zx and z¢ parameterizing the U(1)x charges of the fields in the model.

2.2 Heavy neutral leptons and Z’ in U(1)p_; and U(1)x

The observation of neutrino oscillation has firmly established the nonvanishing masses of
the active neutrinos [86]. As the SM explicitly entails massless neutrinos, BSM physics is
required to invoke certain mechanisms for neutrino mass generation. The most common
way for this purpose is to introduce right-handed SM gauge singlets, which may, through
a Yukawa-like term, couple to the active neutrino and the Higgs fields to induce a Dirac
mass term. For such singlets a Majorana mass term can also be written down in the
Lagrangian. The most classic model known as the Type-I seesaw mechanism [87-91],
explains the small but nonzero active neutrino masses through mixings between active
neutrinos and heavy (GUT-scale) right-handed neutrinos, often called sterile neutrinos.
There are also other similar models such as linear and inverse seesaw mechanisms [92-94],
which allow for much lighter sterile neutrinos while keeping the active neutrino masses
small. The sterile neutrinos, once produced, can decay into a charged lepton via the mixing
parameters. If the mixing parameters are sufficiently small, these light sterile neutrinos
can become long-lived. Therefore, phenomenologically we can simply assume the sterile
neutrino masses, my, and the mixing parameters (squared) with the active neutrinos, V2,
as two sets of independent parameters, and call the sterile neutrinos as HNLs.

Beyond such minimal scenarios, HNLs are also predicted in a number of more extended
models including the left-right symmetric model [95-98], leptoquark [99], and a Z" gauge
boson [100, 101]. We focus on the latter case in this work.

We extend the SM gauge group by an U(1)y, which is a linear combination of the
SM U(1)y and the U(1)p_1, symmetries [102-104], often called as the “non-exotic U(1)x
model” [105]. The field content is listed in table 1, together with the charge assignments.
As shown in table 1, the U(1)x charges are controlled by two parameters: xy and xg.
Since the U(1)x charges are a linear combination of U(1)y and U(1)p_r, we fix z¢ = 1
without loss of generality. In the case of z = 0 we recover the U(1)p_; model. In the
spectrum of the model, in addition to the SM particles, there are a new vector boson Z’, a



new scalar particle ® which obtains a VEV (vacuum expectation value), vg, to break the
U(1)x symmetry and mixes with the SM Higgs boson, and three right-handed neutrinos
(or, equivalently, HNLs). In particular, the three HNLs ensure that the model is free from
gauge and gravitational anomalies [106, 107].

The SM Yukawa sector is now augmented with the following Dirac and Majorana
terms:

£9OX = YL AN — YyONeN + hec., (2:4)

where H = ity H* (73 is the second Pauli matrix), the superscript “c” denotes the charge
conjugation, and the generation indices are being suppressed. After the electroweak and
U(1)x symmetries are broken, the masses of the Z’' boson, and the Majorana and Dirac
neutrinos are given by

Yy M Yp
= Ve, = —=VH,
\/§ P D \/Q H

where ¢} is the gauge coupling of U(1)x and vy = 246 GeV is the SM Higgs VEV.
The LEP constraints require that ve > vy [108, 109]. Diagonalization of the neutrino

my =~ 2g1ve, My = (2.5)

mass matrix then leads to the active neutrino mass matrix via the seesaw mechanism:
my, ~ —MpM ]QlMg and the matrix of small mixing parameters between the active neu-
trinos and HNLs: Vi = M DMK,I. For simplicity we assume there is only one HNL within
the kinematically accessible range while the other two HNLs are much heavier, and we
consider this HNL is of Majorana nature and is mixed only with the SM electron neutrino.

The Z’ boson can decay to a pair of SM fermions or HNLs. The analytic expressions
of these decay widths as functions of g, U(1)x charges as well as masses, can be found in
e.g. refs. [101, 110]. To maximize the decay branching ratio of Z’ into a pair of N’s, we
also consider a scenario with xy = —1.2 [111], which we will call as U(1)x below, besides
the minimal U(1)p_1, case with zf = 0.

Previous searches for a Z’ boson at LEP [112], Tevatron [108], and LHC [113] have set
stringent bounds on my and ¢}. Here, we follow ref. [101] and choose to fix a benchmark
parameter point of (mzs, g}) = (6 TeV, 0.8) throughout this paper, which is allowed by the
latest searches [114, 115]. On the left of figure 2 we show a plot in the plane Br(Z’ — NN)
versus my for myz = 6 TeV.

Thus, for the production of the HNLs, we study the process pp — Z’ — NN, where
the heavy Z’' boson with myz = 6 TeV is produced on-shell. We plot the inclusive (i.e., no
kinematic cut is imposed) scattering cross section of pp — Z" — NN in the right panel of
figure 2 as a function of the HNL mass my, for U(1)p_1 (xg =0) and U(1)x (zg = —1.2)
models. Note that we switch off the scalar mixing so that HNL pair production can stem
only from Z’ decays (except for the SM Z-decay which is doubly suppressed by the tiny
mixing parameters squared and hence gives negligible contributions).

The decay of the HNL is mediated only via its mixing with v,, through charged-current
(W-boson) and neutral-current (Z-boson) interactions. We compute the decay widths with
analytic formulas given in refs. [5, 116]. Figure 3 contains a plot for the proper decay length
of the HNL, c7y, as a function of my, for several choices of the tiny |V.n|? below 1010,
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Figure 2. Left: Br(Z' — NN) vs. my, for mz = 6 TeV. Right: the inclusive (i.e., no kinematic
cut is imposed) scattering cross section, o(pp — Z' — NN), in picobarn as a function of my, for
mz = 6TeV and ¢} = 0.8.
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Figure 3. cry vs. my, for different values of |V, n|?.

Various experiments (colliders, beam dump experiments, neutrinoless double beta de-
cay, etc.) have established constraints on the active-heavy neutrinos mixing parameters for
different mass ranges. As we will see later in the paper, our search strategy will be mainly
sensitive to my of @(100) GeV. For this mass range, the strongest limits are currently only
at the order of 1073 for |V, n|? [8], while the analyses here show that our search strategy
could probe mixing parameters more than 10 orders of magnitude smaller.

3 Timing detector and search strategy

The signatures we focus on are shown in figure 4. The Z or Z’ boson is produced on-shell
from proton-proton collisions and decays into a pair of light neutralinos or HNLs. Then at
least one of the two LLPs travels a macroscopic distance before decaying further into the
ejj final state. Given the almost identical signatures for the two considered models, we
apply the same search strategy for them. The search is mainly based, as discussed earlier in
section 1, on a timing trigger provided by the future upgrades in the CMS experiment. In
the rest of this section, we will introduce the CMS timing detector in more detail, explain
the step-wise selection cuts, and briefly discuss the estimation of background sources.



Figure 4. Feynman diagram of the signatures. We require at least one neutralino or HNL to decay
into the ejj final state, as well as one hard prompt ISR jet in the event analysis.

3.1 CMS minimum ionizing particle timing detector

As discussed in section 1, we investigate the search potential of the CMS MTD for LLPs.
The timing layer is proposed to be installed between the inner tracker and the electromag-
netic calorimeter, with a transverse distance of 1.17 m from the IP and a length of 6.08
m in the longitudinal direction. With a high timing precision of 30 ps, it is possible to
detect signatures with a time delay in the nanosecond (ns) range. We note that such a
search would not require tracking information, potentially enhancing the sensitivities to
parameter regions compared to the traditional displaced-object searches.

3.2 Search strategy

We follow closely refs. [29, 34, 35] for pinning down the search strategy, which consists
of a few event selections. We start with a requirement on the transverse momentum and
pseudorapidity of the leading electron in the event: p% > 20GeV and |np°| < 2.5. The
LLP decay is then required to take place within the fiducial volume of the MTD, i.e.
200 < r < 1170 mm and |z| < 3040 mm, for the transverse and longitudinal distances
from the CMS IP. The requirement of r > 200 mm ensures that the LLP decays outside
the region of optimal tracking capabilities, so that the major SM background stems from
trackless jets [29]. A signal event should also include at least one prompt ISR (initial-state-
radiation) jet with p]T > 30 GeV. We assume that it travels at the speed of light and use
its location in pseudorapidity, its time of arrival, and the IP position, to timestamp the
hard collision of the event. This, together with the time of arrival and pseudorapidity of
the leading electron, allows us to calculate the time delay of the electron, and we select
only events with a time delay larger than 1 or 2 ns.
The time delay, At, is computed as follows,
At =t t

arrival —

(3.1)

e
prompt>

where tS . = éLLLLF;: + le is the arrival time of the electron at the MTD, with lpp (l.)

being the distance traveled by the LLP (displaced electron) before the LLP decays (the



electron hits the MTD), and SrLp being the speed of the LLP, while ., is the time
when the electron would arrive at the same position, had it been promptly produced at the
IP and traveling with the speed of light.

We would like to mention that naively this strategy can also be applied to the minimal
scenario of HNLs, where the HNLs are produced directly from e.g. on-shell W or Z decays
via the active-heavy neutrinos’ mixings. In particular, for the W decay into, e.g., an
electron and an HNL, no hard prompt ISR jet would be required, as the prompt electron
can be used for timestamping the hard collision at the IP. However, as we show later in
section 4 the timing-trigger-based strategy only receives high acceptance rates for long-
lived HNLs with my 2 O(10) GeV. This would require a very small mixing parameter for
keeping the HNL long-lived, which then in turn renders the production rates of the HNLs

from W or Z decays too low to produce enough signal events.

3.3 Background

Since our requirement on the transverse momentum of the leading electron and ISR jet
mainly follows from ref. [35], the estimate of background events should come to the same
conclusion. Therefore, given the unnecessity to repeat the computation, we will briefly
explain the main background sources and summarize the final estimated numbers as given
in ref. [35].

Because of the finite timing resolution (30 ps), same-vertex (SV) hard collisions of
jet and photon production may lead to a fake signal. Considering the inclusive photon
production, as well as jet production (pjT > 30 GeV) with a jet misidentified as a photon,
the number of SV background events is found to be around 2 x 10!!. Using a Gaussian
smearing with a time spread of 30 ps, a time-delay cut of At > 1 ns removes all of these
background events.

A more important background source is the so-called pileup (PU) events. These arise
because in each bunch crossing there are multiple collisions taking place, which will be an
important issue at the HL-LHC (npy ~ 100). It is possible that besides the triggering
hard collision, there is another pileup collision leading to a time-delay signal. Taking the
fraction of jets being trackless as 1073, the total number of pileup events is estimated to
be 107. Similar to the SV background events, a Gaussian smear of 190 ps spread gives the
final background event number to be 0.7 and 0, for At > 1 ns and 2 ns, respectively. Here,
190 ps is derived by the longitudinal spread of the bunch crossing.

Therefore, we conclude that with a cut of At > 1 ns, the background is essentially
negligible. Thus, when we discuss numerical results in the following section, we will focus
on the At > 1 ns cut, while still examining the effect of a more strict time-delay cut.

4 Numerical simulation and results

We perform Monte-Carlo simulation in order to determine the exclusion limits for the two
physics scenarios.

We simulate the SM Z-boson production and decay with Pythia8.243 [117]. These
Z-bosons are set to decay exclusively into a pair of spin-1/2 fermions, in order to allow



for obtaining the most statistics. The vector and axial-vector couplings of the Z-boson to
these new fermions are tuned to be the same as those for a Z-boson coupled to a pair of
Higgsinos. We also turn on the ISR effect in Pythia8, in order to obtain prompt ISR jets
for timestamping the hard collision at the IP. We then scan a two-dimensional grid, for
22 values of mgo between 15 and 46 GeV, and 40 values of N, /m?; from 1076 TeV~2 to
9 x 1073 TeV~2 in logarithmic steps. We simulate 10% events at each grid point.

To generate the HNLs in the U(1)x and U(1)p_ models, we use the corresponding
UFO model files as was used in ref. [101], and generate parton-level events of pp — Z' —
NN at the leading order with MadGraph5 2.7.3 [76]. The simulated HNLs are then forced
to decay exclusively to the ejj final states with the tool of MadSpin [118] to ensure numer-
ical stability for even very small decay widths. The LHE output files from MadGraphb are
then processed to Pythia8 to include the ISR effects and provide the kinematics of the final
state particles. A 2D scan is then conducted. For the U(1)p_;, model, we scan my from
300 to 700 GeV in intervals of 20 GeV, and |Ven/|? from 10719 to 9 x 107! in 20 logarithmic
steps, with one million events at each parameter point. For the U(1)x model, given the
larger scattering cross sections, we expect stronger exclusion limits, and hence simulate 200
thousand events for 35 HNL masses from 85 GeV up to 2400 GeV, and 70 values of |V, y|?
from 1072 to 9 x 107'%, in logarithmic steps.

We express the total numbers of signal events for the two physics scenarios with the
following formulas:

-0
st =N7%-Br(Z - Xix1)
Br(x} — e us or eTus) - 2- X, (4.1)

NN =6V . £.Br(N = ejj)-2- €V, (4.2)

S

where N4 ~ 1.9 x 10! is the total number of Z-bosons resonantly produced with 3 ab™!
integrated luminosity [78], oV is the inclusive scattering cross section of pp — Z' — NN
calculated by MadGraphb at the leading order (see the right plot of figure 2), and X1 and
eV are the event acceptance rates including the requirement of one hard ISR prompt jet.
Br(¥) — e us or etus) = 0.5, and £ = 3 ab~! labels the integrated luminosity at the
HL-LHC. Finally, the factor 2 that appears in both eq. (4.1) and eq. (4.2) accounts for the
fact that in each signal event a pair of LLPs are produced and we require only one of them
to decay into the specified final states.

As we discussed in section 3, with the selection cuts we have chosen including the
requirement of At > 1 or 2 ns, the background events can be considered to be negligible.
Therefore we will show 3-signal-event isocurves as 95% confidence level (C.L.) exclusion

limits in the numerical results.

4.1 The light neutralino scenario

To present the numerical results for the light neutralino scenario, we start with the kine-
matic distributions given in figure 5. The left plot contains the distributions of the leading

3The lightest neutralino can also decay to vds or ¥sd with a summed decay branching ratio of 50%,
which does not include a time-delayed electron and is hence not considered as a signature in this work.
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electron transverse momentum, for three benchmark masses of the lightest neutralino that
are within the kinematically allow range mgo < mz /2: 20, 30, and 40 GeV. In general we
find the selection of p. > 20 GeV retains a large proportion of the events. In the right panel
of figure 5 we show the distributions of the time delay for the same masses with CTgo fixed
at 1 m. One easily observes that for the neutralinos with a larger mass, the time delay
tends to be enhanced, allowing for better acceptance. This is mainly due to the lowered
speed of the heavier LLPs. The final acceptance rate X is shown in figure 6 as a function
of 7o for three neutralino masses and for At > 1 (solid lines) or 2 ns (dashed lines). It
is clear that the best acceptance rate is achieved at TR0 ~ 1 m in general, and heavier
neutralinos have a higher possibility to pass the event selection criteria. For the larger
masses, imposing a time-delay cut of 2 ns reduces the acceptance by a factor of about 5
at cTyo ~ 1 m compared to At > 1 ns, while for mgo = 20 GeV the reduction is much

X X
more severe.

In figure 7 we plot the sensitivity reaches in the A5/ m?; VS. Mo plane for two bench-

mark values of Br(Z — {{x¥)= 1073 and 107°. The horizontal dashed lines are the present
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Figure 7. 95% C.L. exclusion limits in the )\’112/m?¢- vs. mygo plane for Br(Z — Wx?)= 1073 and

10~°. The horizontal dashed lines correspond to the present limits with mgz, = 10 and 20 TeV (see
eq. (2.2)).

limits on Xj;o/mZ, for ms, = 10 and 20 TeV (see eq. (2.2)). In both plots, our search strat-
egy is expected to probe the model parameter \};,/ m?; orders of magnitude stronger than
the present bounds. Imposing a more strict time-delay cut reduces the sensitivity reach the
most in the small mass regime, while for mgo close to the kinematic threshold, we observe
relatively milder reduction in the limits. The exclusion limits are bounded from low mass
regime (left), mainly because of the faster speed of the LLP rendering the events less likely
to pass the time-delay cut. For too large or small values of \j;5/ m?;, the light neutralino
tends to decay outside the fiducial volume. Finally the kinematic constraint requires that

mgn < mz/2.

A displaced-vertex (DV) search for the same theoretical scenario was proposed in
ref. [77] for ATLAS with 3 ab™! integrated luminosity. The authors estimated the SM
background from an ATLAS search [119] for a similar decay topology (Higgs decay to a
pair of LLPs). However, in ref. [77] no kinematic cuts were imposed on signal events and
the whole ATLAS detector was taken as the fiducial volume, resulting in over-optimistic
limits. A more realistic DV search with pr cuts and a smaller fiducial volume (consisting
of, for instance, only the inner tracker), would weaken the excluding potential especially
for the small mass or coupling regimes. Therefore, for fairness, we choose not to compare
the sensitivity reach of the search strategy presented in this work directly with the results
obtained in ref. [77].

We further present the sensitivity results in another fashion. Figure 8 shows the pro-
jected exclusion limits on Br(Z — ¥{x\) for myo = 20,30, and 40 GeV, with varying
€T30 between 10 cm and 1 km. We reach the following conclusions. We find for heavier
neutralinos we can probe smaller values of Br(Z — ¥{%?), and a more strict cut on the
time-delay would result in weaker exclusion limits. In particular, with an integrated lumi-
nosity of 3 ab~!, we may probe Br(Z — {V%}) down to between 10~% and 10~% for the
heavier neutralinos.
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Figure 9. Distributions of p5 and At for HNLs. c7y is fixed at 1m.

4.2 The heavy neutral lepton scenario

We proceed to discuss the numerical results for the HNL scenario. As noted earlier we
consider one Majorana HNL mixed only with the electron neutrino.

Since we assume a Z’ boson of mass 6 TeV, the kinematically allowed mass range of
the HNL is much larger than that of the light neutralinos produced from the SM Z-boson
decays. Figure 9 presents the distributions of the leading electron transverse momentum
p7 and the time delay At, for HNL masses of 200, 500, and 1000 GeV with cry fixed at
1 m. The left panel shows clearly that the p% > 20 GeV cut would have an unsubstantial
effect on the signal events. In the right plot, we find that given the relatively large mass
of the HNLs, a larger fraction of the HNLs are expected to have a time-delay larger than
1 or 2 ns, compared to the light neutralinos shown in figure 5. We note that the two U(1)

extension alternatives differ, phenomenologically speaking, only in o™

, and share the same
kinematics. The final acceptance is given in figure 10 as a function of ¢ for my = 200, 500,
and 1000 GeV, where two choices of the At cut are taken. Since the kinematics of the HNLs
in U(1)x and U(1)p_y, are the same, it suffices to show the acceptance rates for only one

model. Similar to the neutralino scenario, here the maximal acceptance is also achieved at
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Figure 10. The acceptance rate ¢V as a function of cry, for three values of my.
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Figure 11. The 95% C.L. sensitivity reaches in the |V.n|? vs. my plane for both U(1)p_ and
U(1) x models. The pink curves are extracted from ref. [101].

proper decay lengths around 1 m, and heavier HNLs have a higher chance of passing all
the event cuts. This conclusion was also drawn in ref. [35] where a similar topology (SM
Higgs decaying to a pair of HNLs) with the same timing strategy was studied.

For sensitivity plots, we first show in figure 11 the reaches in the ]VGNP versus mpy
plane, for both U(1)p_1 and U(1)x models. The projected sensitivity limits from a DV
search [101] are shown together in the same plots. We find that with a stringent cut of
At > 2 ns, no sensitivity can be achieved, while requiring At > 1 ns allows to probe certain
parts of the parameter space which are inaccessible by the DV search [101]. The U(1)p_p,
scenario, because of its relatively small scattering cross section, is expected to achieve very
limited constraining power in the my — | Ve |? plane, while in the U(1)x case a rather long
band of the parameter space can be probed. These plots in figure 11 exemplify clearly the
complementarity of the timing-trigger-based search to the other strategies of LLP searches.

Finally, we obtain the exclusion limits in the ¢ry — ¥ plane for my = 200, 500, and
1000 GeV, as shown in figure 12. We observe that stronger limits are expected for heavier
HNLSs, unless approaching the kinematic threshold of 3000 GeV which is not shown here.
For instance, for my = 1000 GeV, with a At > 1 ns cut, limits on oV
low as 5 x 10™° pb when ¢y ~ 1 m. These results can be used to constrain other models

can be achieved at as
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Figure 12. 95% C.L. exclusion limits on ¢ when varying cry, for my = 200,500, and 1000 GeV.

with similar kinematics and the same scattering and decay topologies, i.e., a new 6-TeV
particle produced from the pp collisions and decaying to a pair of LLPs which subsequently
decay into ejj. To better facilitate this purpose, we list the values of Br(N — ejj) for
mpy = 200,500, and 1000 GeV: 28.6%,23.4%, and 22.7%, computed in this study.

4.3 Discussion

The two benchmark models, though sharing similar scattering and decay topologies as
well as collider signatures, still differ in certain aspects such as the kinematics essentially
because of the different s-channel resonance masses. In the U(1)-extension models, the Z’
has to be heavy to be consistent with the previous experimental results. Here we assume it
has a mass of 6 TeV, which is almost two orders of magnitude heavier than its counterpart,
the SM Z-boson, in the light neutralino scenario. This allows for probing much heavier
LLPs which would also decay to electrons with a larger p7. More concretely, in this work,
kinematically allowed range of my is up to 3 TeV, in comparison with ~ 45 GeV for the
light neutralinos. This makes it possible to probe smaller values of the feeble couplings to
the SM particles in the HNL scenario than in the neutralino one. Moreover, in general,
heavier LLPs travel more slowly or even more non-relativistically, improving significantly
the time-delay search acceptance.

We should also provide some further comments on the lepton flavors. In this work, we
have focused on the electron case, i.e. the HNL mixes only with v, and the LZ-~QjDk operator
has ¢ = 1. However, it is also possible to have a muon or even a tau lepton in the final state,
for HNLs mixed with v/, and Ly /3-Q; Dy, operators. In principle, since the timing layers are
based on ionization processes, as long as a charged particle hits them, timing information
can be stored. For the muon final state, since muons travel relativistically, we expect the
sensitivity results should not change qualitatively from those for the electron final state,
except for some minor discrepancies resulting from the muon masses. However, a final-state
tau lepton decays fast into hadrons dominantly. Consequently, the triggering will be more
difficult and complicated, and the corresponding exclusion power should be weakened.

Furthermore, we consider here the HNL to be of Majorana nature. It is possible that
the HNLs are Dirac fermions. In this case, the decay width of the HNL should halve for
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the same mass and mixing, thus reducing the acceptance and hence weakening the final
sensitivity reach in |V.x|? by approximately a factor of 2 in the large decay length limit
(with small my or |Ven|?).

In our study we have assumed a somewhat optimistic efficiency, 100%, for the tim-
ing trigger. Once the realistic efficiency is known,* the sensitivity reach should weaken
accordingly.

Finally, as the left plots of figure 5 and figure 9 show, varying the p% threshold, say,
between 10 and 30 GeV, should not affect our exclusion limits significantly, especially for
the heavier HNLs in the Z’ scenario.

5 Conclusions

At various LHC experiments, future upgrades in the timing detectors have been proposed
primarily for the purpose of reducing pileup in the HL-LHC phase. However, the precision
timing information from such setup can also be used to enhance the discovery potential
for long-lived particles at colliders. In this work, we focus on the CMS minimum-ionizing-
particle timing detector, and follow existing literature to propose a timing-based search for
the two types of neutral LLPs in similar channels.

We have investigated the sensitivity reaches for long-lived light neutralinos and heavy
neutral leptons in the context of two well-motivated theoretical models, by searching for a
hard and time-delayed electron from neutral currents.

Light neutralinos are still allowed in the R-parity-violating supersymmetry because of
the decay of the lightest neutralino into SM particles. We consider the SM Z-boson decay
into a pair of the lightest neutralinos, which become long-lived for small mass as well as
tiny RPV couplings (\}5/ mfg as considered in this work), assuming degenerate sfermion
masses. For the HNLs we study two different U(1) extensions of the SM, where a heavy new
gauge boson Z’' can be produced on-shell at the LHC and decays to a pair of N’s, which
are long-lived for small mixings with the active neutrinos. For both scenarios, we focus on
the final state ejj from the LLP decays. The main background sources are same-vertex
hard collisions and pileup events. These have been estimated in ref. [35] to be negligible,
if one requires At > 1 ns.

We simulate the production and decay processes for various LLP masses and couplings
to take into account their effects on the production rate, kinematics, etc. Considering the
geometry and precision of the proposed timing layer, the final state data are analyzed
in order to extract the 95% C.L. exclusion limits in the model parameter space. We
present the results in terms of isocurves in both the A5/ mf; vs. mgo and Br(Z — x{x%)
VS. €T planes for the light neutralino scenario, and in both the |V6N|2 vs. my and oV
vs. ¢ty planes for the heavy neutral lepton scenario. The results indicate that our search
strategy would be able to probe complementary parameter regions, compared to traditional
strategies such as those based on displaced vertex. In particular, we find the acceptance
rate tends to get enhanced for heavier LLPs. Moreover, our “model-independent” limits in

“In refs. [29, 35], a timing-trigger efficiency of 50% was assumed as a benchmark value.
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the Br(Z — ¥{%}) vs. €T30 and oV vs. cry planes can be used to constrain other theoretical
models with similar kinematics, scattering topology, and decay products.

In conclusion, we have demonstrated that a search strategy based on a timing trigger
has the potential to probe parameter space that is complementary to other types of LLP
searches. If we can combine the displaced-vertex search with the time-delay search, we
can substantially improve the coverage of the parameter space. In particular, compared to
charged LLPs, neutral LLPs are more elusive, and searches for them usually require more
sophisticated or smarter methods, e.g. the timing trigger strategy discussed in this work.
We expect that more uncharted territories in the parameter space of other theoretical
models with LLPs can be explored with the proposed upgrades in the timing detectors at

the LHC and this novel type of search strategy.

Acknowledgments

We thank Giovanna Cottin for sharing the UFO model files, and thank Van Que Tran and
Shin-Shan Eiko Yu for useful discussions on the timing detector. Z.S.W. is supported by
the Ministry of Science and Technology (MoST) of Taiwan with grant number MoST-109-
2811-M-007-509. K.C. was supported by MoST with grant numbers MoST-107-2112-M-007
-029 -MY3 and MOST-110-2112-M-007-017-MY3. K.W. is supported by the National Nat-
ural Science Foundation of China under grant no. 11905162, the Excellent Young Talents
Program of the Wuhan University of Technology under grant no. 40122102, the research
program of the Wuhan University of Technology under grant no. 3120620265.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] D. Curtin et al., Long-Lived Particles at the Energy Frontier: The MATHUSLA Physics
Case, Rept. Prog. Phys. 82 (2019) 116201 [arXiv:1806.07396| [INSPIRE].

[2] L. Lee, C. Ohm, A. Soffer and T.-T. Yu, Collider Searches for Long-Lived Particles Beyond
the Standard Model, Prog. Part. Nucl. Phys. 106 (2019) 210 [arXiv:1810.12602] [INSPIRE].

[3] J. Alimena et al., Searching for long-lived particles beyond the Standard Model at the Large
Hadron Collider, J. Phys. G 47 (2020) 090501 [arXiv:1903.04497] [INSPIRE].

[4] D. Gorbunov and M. Shaposhnikov, How to find neutral leptons of the vMSM?, JHEP 10
(2007) 015 [Erratum ibid. 11 (2013) 101] [arXiv:0705.1729] [InSPIRE].

[5] A. Atre, T. Han, S. Pascoli and B. Zhang, The Search for Heavy Majorana Neutrinos,
JHEP 05 (2009) 030 [arXiv:0901.3589] [INSPIRE].

. Drewes, e Phenomenology of Right Handed Neutrinos, Int. J. Mod. ys. I/ 22
6] M. D The Ph l f Right Handed N Int. J. Mod. Phys. E
(2013) 1330019 [arXiv:1303.6912] [INSPIRE].

[7] M. Drewes and B. Garbrecht, Combining experimental and cosmological constraints on
heavy neutrinos, Nucl. Phys. B 921 (2017) 250 [arXiv:1502.00477] [InSPIRE].

17 -


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1361-6633/ab28d6
https://arxiv.org/abs/1806.07396
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.07396
https://doi.org/10.1016/j.ppnp.2019.02.006
https://arxiv.org/abs/1810.12602
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.12602
https://doi.org/10.1088/1361-6471/ab4574
https://arxiv.org/abs/1903.04497
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.04497
https://doi.org/10.1088/1126-6708/2007/10/015
https://doi.org/10.1088/1126-6708/2007/10/015
https://arxiv.org/abs/0705.1729
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0705.1729
https://doi.org/10.1088/1126-6708/2009/05/030
https://arxiv.org/abs/0901.3589
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0901.3589
https://doi.org/10.1142/S0218301313300191
https://doi.org/10.1142/S0218301313300191
https://arxiv.org/abs/1303.6912
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.6912
https://doi.org/10.1016/j.nuclphysb.2017.05.001
https://arxiv.org/abs/1502.00477
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.00477

8]

[9]

[20]

[21]

[22]

F.F. Deppisch, P.S. Bhupal Dev and A. Pilaftsis, Neutrinos and Collider Physics, New J.
Phys. 17 (2015) 075019 [arXiv:1502.06541] INSPIRE].

L.B. Okun, Limits of electrodynamics: paraphotons?, Sov. Phys. JETP 56 (1982) 502
[INSPIRE].

P. Galison and A. Manohar, TWO Z’s OR NOT TWO Z’s?, Phys. Lett. B 136 (1984) 279
[INSPIRE].

B. Holdom, Two U(1)’s and Epsilon Charge Shifts, Phys. Lett. B 166 (1986) 196 [INSPIRE].

C. Boehm and P. Fayet, Scalar dark matter candidates, Nucl. Phys. B 683 (2004) 219
[hep-ph/0305261] [INSPIRE].

M. Pospelov, Secluded U(1) below the weak scale, Phys. Rev. D 80 (2009) 095002
[arXiv:0811.1030] INSPIRE].

CMS collaboration, Search for disappearing tracks as a signature of new long-lived particles
in proton-proton collisions at /s = 13 TeV, JHEP 08 (2018) 016 [arXiv:1804.07321]
[INSPIRE].

CMS collaboration, Search for disappearing tracks in proton-proton collisions at
Vs =13 TeV, Phys. Lett. B 806 (2020) 135502 [arXiv:2004.05153] [INSPIRE].

ATLAS collaboration, Search for long-lived charginos based on a disappearing-track
signature using 136 fb=% of pp collisions at /s = 13 TeV with the ATLAS detector, (2021)
ATLAS-CONF-2021-015.

CMS collaboration, Search for Displaced Supersymmetry in events with an electron and a
muon with large impact parameters, Phys. Rev. Lett. 114 (2015) 061801 [arXiv:1409.4789]
[INSPIRE].

CMS collaboration, Search for displaced leptons in the e-mu channel
CMS-PAS-EXO-16-022.

ATLAS collaboration, Search for heavy charged long-lived particles in the ATLAS detector
in 36.1fb=1 of proton-proton collision data at \/s = 13 TeV, Phys. Rev. D 99 (2019) 092007
[arXiv:1902.01636] [INSPIRE].

J.L. Feng, 1. Galon, F. Kling and S. Trojanowski, ForwArd Search ExpeRiment at the LHC,
Phys. Rev. D 97 (2018) 035001 [arXiv:1708.09389] [INSPIRE].

FASER collaboration, FASER’s physics reach for long-lived particles, Phys. Rev. D 99
(2019) 095011 [arXiv:1811.12522] [INSPIRE].

J.P. Chou, D. Curtin and H.J. Lubatti, New Detectors to Fxplore the Lifetime Frontier,
Phys. Lett. B 767 (2017) 29 [arXiv:1606.06298] INSPIRE].

MATHUSLA collaboration, An Update to the Letter of Intent for MATHUSLA: Search for
Long-Lived Particles at the HL-LHC, arXiv:2009.01693 [INSPIRE].

J.L. Pinfold, The MoEDAL FEzxperiment at the LHC — A Progress Report, Universe 5
(2019) 47 [INSPIRE].

J.L. Pinfold, The MoEDAL experiment: a new light on the high-energy frontier, Phil.
Trans. Roy. Soc. Lond. A 377 (2019) 20190382.

S. Alipour-Fard, N. Craig, M. Jiang and S. Koren, Long Live the Higgs Factory: Higgs
Decays to Long-Lived Particles at Future Lepton Colliders, Chin. Phys. C 43 (2019) 053101
[arXiv:1812.05588] [INSPIRE].

~ 18 —


https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://arxiv.org/abs/1502.06541
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1502.06541
https://inspirehep.net/search?p=find+J%20%22Sov.Phys.JETP%2C56%2C502%22
https://doi.org/10.1016/0370-2693(84)91161-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB136%2C279%22
https://doi.org/10.1016/0370-2693(86)91377-8
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB166%2C196%22
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://arxiv.org/abs/hep-ph/0305261
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0305261
https://doi.org/10.1103/PhysRevD.80.095002
https://arxiv.org/abs/0811.1030
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0811.1030
https://doi.org/10.1007/JHEP08(2018)016
https://arxiv.org/abs/1804.07321
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.07321
https://doi.org/10.1016/j.physletb.2020.135502
https://arxiv.org/abs/2004.05153
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.05153
https://cds.cern.ch/record/2759676
https://doi.org/10.1103/PhysRevLett.114.061801
https://arxiv.org/abs/1409.4789
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1409.4789
https://cds.cern.ch/record/2205146
https://doi.org/10.1103/PhysRevD.99.092007
https://arxiv.org/abs/1902.01636
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.01636
https://doi.org/10.1103/PhysRevD.97.035001
https://arxiv.org/abs/1708.09389
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1708.09389
https://doi.org/10.1103/PhysRevD.99.095011
https://doi.org/10.1103/PhysRevD.99.095011
https://arxiv.org/abs/1811.12522
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.12522
https://doi.org/10.1016/j.physletb.2017.01.043
https://arxiv.org/abs/1606.06298
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.06298
https://arxiv.org/abs/2009.01693
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.01693
https://doi.org/10.3390/universe5020047
https://doi.org/10.3390/universe5020047
https://inspirehep.net/search?p=find+J%20%22Universe%2C5%2C47%22
https://doi.org/10.1098/rsta.2019.0382
https://doi.org/10.1098/rsta.2019.0382
https://doi.org/10.1088/1674-1137/43/5/053101
https://arxiv.org/abs/1812.05588
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.05588

[27]

[28]

[29]

[30]

[31]

[32]

[33]

K. Cheung and Z.S. Wang, Probing Long-lived Particles at Higgs Factories, Phys. Rev. D
101 (2020) 035003 [arXiv:1911.08721] [INSPIRE].

R. Capdevilla, F. Meloni, R. Simoniello and J. Zurita, Hunting wino and higgsino dark
matter at the muon collider with disappearing tracks, JHEP 06 (2021) 133
[arXiv:2102.11292] [INSPIRE].

J. Liu, Z. Liu and L.-T. Wang, Enhancing Long-Lived Particles Searches at the LHC with
Precision Timing Information, Phys. Rev. Lett. 122 (2019) 131801 [arXiv:1805.05957]
[INSPIRE].

C. Allaire et al., Beam test measurements of Low Gain Avalanche Detector single pads and
arrays for the ATLAS High Granularity Timing Detector, 2018 JINST 13 P06017
[arXiv:1804.00622] [INSPIRE].

ATLAS LAR-HGTD GRrouP collaboration, A High-Granularity Timing Detector in
ATLAS: Performance at the HL-LHC, Nucl. Instrum. Meth. A 924 (2019) 355 [INSPIRE].

CMS collaboration, Technical proposal for a MIP timing detector in the CMS experiment
Phase 2 upgrade, CERN-LHCC-2017-027, LHCC-P-009, CERN, Geneva (2017).

LHCDb collaboration, Expression of Interest for a Phase-II LHCb Upgrade: Opportunities in
flavour physics, and beyond, in the HL-LHC era, CERN-LHCC-2017-003, CERN, Geneva
(2017).

M. Du, Z. Liu and V.Q. Tran, Enhanced Long-Lived Dark Photon Signals at the LHC)
JHEP 05 (2020) 055 [arXiv:1912.00422] [INSPIRE].

J.D. Mason, Time-Delayed Electrons from Higgs Decays to Right-Handed Neutrinos, JHEP
07 (2019) 089 [arXiv:1905.07772] [INSPIRE].

Z. Flowers, Q. Meier, C. Rogan, D.W. Kang and S.C. Park, Timing information at
HL-LHC: Complete determination of masses of Dark Matter and Long lived particle, JHEP
03 (2020) 132 [arXiv:1903.05825] [INSPIRE].

0. Cerri, S. Xie, C. Pena and M. Spiropulu, Identification of Long-lived Charged Particles
using Time-Of-Flight Systems at the Upgraded LHC detectors, JHEP 04 (2019) 037
[arXiv:1807.05453] [INSPIRE].

H.K. Dreiner, An Introduction to explicit R-parity violation, Adv. Ser. Direct. High Energy
Phys. 21 (2010) 565 [hep-ph/9707435] [INSPIRE].

R. Barbier et al., R-parity violating supersymmetry, Phys. Rept. 420 (2005) 1
[hep-ph/0406039] [INSPIRE].

R.N. Mohapatra, Supersymmetry and R-parity: an Overview, Phys. Scripta 90 (2015)
088004 [arXiv:1503.06478] [INSPIRE].

E. Gildener, Gauge Symmetry Hierarchies, Phys. Rev. D 14 (1976) 1667 [INSPIRE].

M.J.G. Veltman, The Infrared - Ultraviolet Connection, Acta Phys. Polon. B 12 (1981) 437
[INSPIRE].

H.P. Nilles, Supersymmetry, Supergravity and Particle Physics, Phys. Rept. 110 (1984) 1
[INSPIRE].

S.P. Martin, A Supersymmetry primer, Adv. Ser. Direct. High Energy Phys. 18 (1998) 1
[hep-ph/9709356] [INSPIRE].

~19 —


https://doi.org/10.1103/PhysRevD.101.035003
https://doi.org/10.1103/PhysRevD.101.035003
https://arxiv.org/abs/1911.08721
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.08721
https://doi.org/10.1007/JHEP06(2021)133
https://arxiv.org/abs/2102.11292
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.11292
https://doi.org/10.1103/PhysRevLett.122.131801
https://arxiv.org/abs/1805.05957
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.05957
https://doi.org/10.1088/1748-0221/13/06/P06017
https://arxiv.org/abs/1804.00622
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1804.00622
https://doi.org/10.1016/j.nima.2018.05.028
https://inspirehep.net/search?p=find+J%20%22Nucl.Instrum.Meth.%2CA924%2C355%22
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2244311
https://doi.org/10.1007/JHEP05(2020)055
https://arxiv.org/abs/1912.00422
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.00422
https://doi.org/10.1007/JHEP07(2019)089
https://doi.org/10.1007/JHEP07(2019)089
https://arxiv.org/abs/1905.07772
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.07772
https://doi.org/10.1007/JHEP03(2020)132
https://doi.org/10.1007/JHEP03(2020)132
https://arxiv.org/abs/1903.05825
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.05825
https://doi.org/10.1007/JHEP04(2019)037
https://arxiv.org/abs/1807.05453
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.05453
https://doi.org/10.1142/9789814307505_0017
https://doi.org/10.1142/9789814307505_0017
https://arxiv.org/abs/hep-ph/9707435
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9707435
https://doi.org/10.1016/j.physrep.2005.08.006
https://arxiv.org/abs/hep-ph/0406039
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0406039
https://doi.org/10.1088/0031-8949/90/8/088004
https://doi.org/10.1088/0031-8949/90/8/088004
https://arxiv.org/abs/1503.06478
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.06478
https://doi.org/10.1103/PhysRevD.14.1667
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD14%2C1667%22
https://inspirehep.net/search?p=find+J%20%22Acta%20Phys.Polon.%2CB12%2C437%22
https://doi.org/10.1016/0370-1573(84)90008-5
https://inspirehep.net/search?p=find+J%20%22Phys.Rept%2C110%2C1%22
https://doi.org/10.1142/9789812839657_0001
https://arxiv.org/abs/hep-ph/9709356
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9709356

[45]

[46]

[47]

[50]

[51]

L.E. Iba nez and G.G. Ross, Discrete gauge symmetries and the origin of baryon and lepton
number conservation in supersymmetric versions of the standard model, Nucl. Phys. B 368
(1992) 3 [INSPIRE].

H.K. Dreiner, M. Hanussek and C. Luhn, What is the discrete gauge symmetry of the
R-parity violating MSSM?, Phys. Rev. D 86 (2012) 055012 [arXiv:1206.6305] [INSPIRE].

N. Chamoun, F. Domingo and H.K. Dreiner, Nucleon decay in the R-parity violating
MSSM, Phys. Rev. D 104 (2021) 015020 [arXiv:2012.11623] [INSPIRE].

ATLAS collaboration, Search for photonic signatures of gauge-mediated supersymmetry in
13 TeV pp collisions with the ATLAS detector, Phys. Rev. D 97 (2018) 092006
[arXiv:1802.03158] [INSPIRE].

CMS collaboration, Search for gauge-mediated supersymmetry in events with at least one
photon and missing transverse momentum in pp collisions at \/s = 13 TeV, Phys. Lett. B
780 (2018) 118 [arXiv:1711.08008] INSPIRE].

CMS collaboration, Search for supersymmetry in final states with photons and missing
transverse momentum in proton-proton collisions at 13 TeV, JHEP 06 (2019) 143
[arXiv:1903.07070] INSPIRE].

CMS collaboration, Search for supersymmetry in proton-proton collisions at 13 TeV in final
states with jets and missing transverse momentum, JHEP 10 (2019) 244
[arXiv:1908.04722] INSPIRE].

ATLAS collaboration, Search for new phenomena in final states with large jet multiplicities
and missing transverse momentum using \/s = 13 TeV proton-proton collisions recorded by
ATLAS in Run 2 of the LHC, JHEP 10 (2020) 062 [arXiv:2008.06032] [INSPIRE].

D. Choudhury and S. Sarkar, A Supersymmetric resolution of the KARMEN anomaly,
Phys. Lett. B 374 (1996) 87 [hep-ph/9511357] [INSPIRE].

D. Choudhury, H.K. Dreiner, P. Richardson and S. Sarkar, A Supersymmetric solution to
the KARMEN time anomaly, Phys. Rev. D 61 (2000) 095009 [hep-ph/9911365] [INSPIRE].

G. Bélanger, F. Boudjema, A. Pukhov and S. Rosier-Lees, A Lower limit on the neutralino
mass in the MSSM with nonuniversal gaugino masses, in 10th International Conference on
Supersymmetry and Unification of Fundamental Interactions (SUSY02), (2002),

pp. 919-924 [hep-ph/0212227] [INSPIRE].

A. Bottino, N. Fornengo and S. Scopel, Light relic neutralinos, Phys. Rev. D 67 (2003)
063519 [hep-ph/0212379] [INSPIRE].

G. Bélanger, F. Boudjema, A. Cottrant, A. Pukhov and S. Rosier-Lees, Lower limit on the
neutralino mass in the general MSSM, JHEP 03 (2004) 012 [hep-ph/0310037] [INSPIRE].

D. Albornoz Vasquez, G. Bélanger, C. Boehm, A. Pukhov and J. Silk, Can neutralinos in
the MSSM and NMSSM scenarios still be light?, Phys. Rev. D 82 (2010) 115027
[arXiv:1009.4380] [iNSPIRE].

L. Calibbi, J.M. Lindert, T. Ota and Y. Takanishi, Cornering light Neutralino Dark Matter
at the LHC, JHEP 10 (2013) 132 [arXiv:1307.4119] [INSPIRE].

1. Gogoladze, J.D. Lykken, C. Macesanu and S. Nandi, Implications of a Massless
Neutralino for Neutrino Physics, Phys. Rev. D 68 (2003) 073004 [hep-ph/0211391]
[INSPIRE].

—90 —


https://doi.org/10.1016/0550-3213(92)90195-H
https://doi.org/10.1016/0550-3213(92)90195-H
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB368%2C3%22
https://doi.org/10.1103/PhysRevD.86.055012
https://arxiv.org/abs/1206.6305
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.6305
https://doi.org/10.1103/PhysRevD.104.015020
https://arxiv.org/abs/2012.11623
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.11623
https://doi.org/10.1103/PhysRevD.97.092006
https://arxiv.org/abs/1802.03158
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.03158
https://doi.org/10.1016/j.physletb.2018.02.045
https://doi.org/10.1016/j.physletb.2018.02.045
https://arxiv.org/abs/1711.08008
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.08008
https://doi.org/10.1007/JHEP06(2019)143
https://arxiv.org/abs/1903.07070
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.07070
https://doi.org/10.1007/JHEP10(2019)244
https://arxiv.org/abs/1908.04722
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.04722
https://doi.org/10.1007/JHEP10(2020)062
https://arxiv.org/abs/2008.06032
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.06032
https://doi.org/10.1016/0370-2693(96)00170-0
https://arxiv.org/abs/hep-ph/9511357
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9511357
https://doi.org/10.1103/PhysRevD.61.095009
https://arxiv.org/abs/hep-ph/9911365
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9911365
https://arxiv.org/abs/hep-ph/0212227
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0212227
https://doi.org/10.1103/PhysRevD.67.063519
https://doi.org/10.1103/PhysRevD.67.063519
https://arxiv.org/abs/hep-ph/0212379
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0212379
https://doi.org/10.1088/1126-6708/2004/03/012
https://arxiv.org/abs/hep-ph/0310037
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0310037
https://doi.org/10.1103/PhysRevD.82.115027
https://arxiv.org/abs/1009.4380
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1009.4380
https://doi.org/10.1007/JHEP10(2013)132
https://arxiv.org/abs/1307.4119
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1307.4119
https://doi.org/10.1103/PhysRevD.68.073004
https://arxiv.org/abs/hep-ph/0211391
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0211391

[61]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]
[76]

[77]

78]

H.K. Dreiner, S. Heinemeyer, O. Kittel, U. Langenfeld, A.M. Weber and G. Weiglein, Mass
Bounds on a Very Light Neutralino, Eur. Phys. J. C 62 (2009) 547 [arXiv:0901.3485]
[INSPIRE].

J.A. Grifols, E. Masso and S. Peris, Photinos From Gravitational Collapse, Phys. Lett. B
220 (1989) 591 [INSPIRE].

J.R. Ellis, K.A. Olive, S. Sarkar and D.W. Sciama, Low Mass Photinos and Supernova
SN1987A, Phys. Lett. B 215 (1988) 404 [nSPIRE].

K. Lau, Constraints on supersymmetry from SN1987A, Phys. Rev. D 47 (1993) 1087
[INSPIRE].

H.K. Dreiner, C. Hanhart, U. Langenfeld and D.R. Phillips, Supernovae and light
neutralinos: SN1987A bounds on supersymmetry revisited, Phys. Rev. D 68 (2003) 055004
[hep-ph/0304289] [INSPIRE].

H.K. Dreiner, J.-F. Fortin, J. Isern and L. Ubaldi, White Dwarfs constrain Dark Forces,
Phys. Rev. D 88 (2013) 043517 [arXiv:1303.7232] INSPIRE].

S. Profumo, Hunting the lightest lightest neutralinos, Phys. Rev. D 78 (2008) 023507
[arXiv:0806.2150] [INSPIRE].

H.K. Dreiner, M. Hanussek, J.S. Kim and S. Sarkar, Gravitino cosmology with a very light
neutralino, Phys. Rev. D 85 (2012) 065027 [arXiv:1111.5715] [INSPIRE].

D. Hooper and T. Plehn, Supersymmetric dark matter: How light can the LSP be?, Phys.
Lett. B 562 (2003) 18 [hep-ph/0212226] [INSPIRE].

A. Bottino, N. Fornengo and S. Scopel, Phenomenology of light neutralinos in view of recent
results at the CERN Large Hadron Collider, Phys. Rev. D 85 (2012) 095013
[arXiv:1112.5666] INSPIRE].

G. Bélanger, G. Drieu La Rochelle, B. Dumont, R.M. Godbole, S. Kraml and S. Kulkarni,
LHC constraints on light neutralino dark matter in the MSSM, Phys. Lett. B 726 (2013)
773 [arXiv:1308.3735] [INSPIRE].

P. Bechtle et al., Killing the CMSSM softly, Eur. Phys. J. C 76 (2016) 96
[arXiv:1508.05951] [INSPIRE].

S. Bansal, A. Delgado, C. Kolda and M. Quirés, Limits on R-parity-violating couplings from
Drell-Yan processes at the LHC, Phys. Rev. D 99 (2019) 093008 [arXiv:1812.04232]
[INSPIRE].

C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer and T. Reiter, UFO - The
Universal FeynRules Output, Comput. Phys. Commun. 183 (2012) 1201 [arXiv:1108.2040]
[INSPIRE].

A. Monteux, RPVMSSM__UFO, https://github.com/ilmonteux/RPVMSSM_ UFO.

J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07
(2014) 079 [arXiv:1405.0301] [INSPIRE].

7.S. Wang and K. Wang, Long-lived light neutralinos at future Z-factories, Phys. Rev. D
101 (2020) 115018 [arXiv:1904.10661] [INSPIRE].

J.C. Helo, M. Hirsch and Z.S. Wang, Heavy neutral fermions at the high-luminosity LHC,
JHEP 07 (2018) 056 [arXiv:1803.02212] [iNSPIRE].

- 21 —


https://doi.org/10.1140/epjc/s10052-009-1042-y
https://arxiv.org/abs/0901.3485
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0901.3485
https://doi.org/10.1016/0370-2693(89)90792-2
https://doi.org/10.1016/0370-2693(89)90792-2
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB220%2C591%22
https://doi.org/10.1016/0370-2693(88)91456-6
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB215%2C404%22
https://doi.org/10.1103/PhysRevD.47.1087
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD47%2C1087%22
https://doi.org/10.1103/PhysRevD.68.055004
https://arxiv.org/abs/hep-ph/0304289
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0304289
https://doi.org/10.1103/PhysRevD.88.043517
https://arxiv.org/abs/1303.7232
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.7232
https://doi.org/10.1103/PhysRevD.78.023507
https://arxiv.org/abs/0806.2150
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0806.2150
https://doi.org/10.1103/PhysRevD.85.065027
https://arxiv.org/abs/1111.5715
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1111.5715
https://doi.org/10.1016/S0370-2693(03)00548-3
https://doi.org/10.1016/S0370-2693(03)00548-3
https://arxiv.org/abs/hep-ph/0212226
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0212226
https://doi.org/10.1103/PhysRevD.85.095013
https://arxiv.org/abs/1112.5666
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.5666
https://doi.org/10.1016/j.physletb.2013.09.059
https://doi.org/10.1016/j.physletb.2013.09.059
https://arxiv.org/abs/1308.3735
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.3735
https://doi.org/10.1140/epjc/s10052-015-3864-0
https://arxiv.org/abs/1508.05951
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1508.05951
https://doi.org/10.1103/PhysRevD.99.093008
https://arxiv.org/abs/1812.04232
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.04232
https://doi.org/10.1016/j.cpc.2012.01.022
https://arxiv.org/abs/1108.2040
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1108.2040
https://github.com/ilmonteux/RPVMSSM_UFO
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1405.0301
https://doi.org/10.1103/PhysRevD.101.115018
https://doi.org/10.1103/PhysRevD.101.115018
https://arxiv.org/abs/1904.10661
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1904.10661
https://doi.org/10.1007/JHEP07(2018)056
https://arxiv.org/abs/1803.02212
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.02212

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[83]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

D. Dercks, J. De Vries, H.K. Dreiner and Z.S. Wang, R-parity Violation and Light
Neutralinos at CODEX-b, FASER, and MATHUSLA, Phys. Rev. D 99 (2019) 055039
[arXiv:1810.03617] [INSPIRE].

J. de Vries, H.K. Dreiner and D. Schmeier, R-Parity Violation and Light Neutralinos at
SHiP and the LHC, Phys. Rev. D 94 (2016) 035006 [arXiv:1511.07436| INSPIRE].

D. Dercks, H.K. Dreiner, M. Hirsch and Z.S. Wang, Long-Lived Fermions at AL3X, Phys.
Rev. D 99 (2019) 055020 [arXiv:1811.01995] InSPIRE].

Z.S. Wang and K. Wang, Physics with far detectors at future lepton colliders, Phys. Rev. D
101 (2020) 075046 [arXiv:1911.06576] [INSPIRE].

H.K. Dreiner, J.Y. Giinther and Z.S. Wang, R-parity violation and light neutralinos at
ANUBIS and MAPP, Phys. Rev. D 103 (2021) 075013 [arXiv:2008.07539] [INSPIRE].

S. Dey et al., Long-lived light neutralinos at Belle II, JHEP 02 (2021) 211
[arXiv:2012.00438] [INSPIRE].

J. Gehrlein and S. Ipek, Long-lived bivo at the LHC, JHEP 05 (2021) 020
[arXiv:2103.01251] [INSPIRE].

P.F. de Salas et al., 2020 global reassessment of the neutrino oscillation picture, JHEP 02
(2021) 071 [arXiv:2006.11237] [INSPIRE].

P. Minkowski, 1 — ey at a Rate of One Out of 10° Muon Decays?, Phys. Lett. B 67 (1977)
421 [NSPIRE].

T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Conf. Proc. C 7902131
(1979) 95 [INSPIRE].

M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C' 790927 (1979) 315 [arXiv:1306.4669] INSPIRE].

R.N. Mohapatra and G. Senjanovié¢, Neutrino Mass and Spontaneous Parity
Nonconservation, Phys. Rev. Lett. 44 (1980) 912 [inSPIRE].

J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].

R.N. Mohapatra and J.W.F. Valle, Neutrino Mass and Baryon Number Nonconservation in
Superstring Models, Phys. Rev. D 34 (1986) 1642 nSPIRE].

E.K. Akhmedov, M. Lindner, E. Schnapka and J.W.F. Valle, Left-right symmetry breaking
in NJL approach, Phys. Lett. B 368 (1996) 270 [hep-ph/9507275] [INSPIRE].

E.K. Akhmedov, M. Lindner, E. Schnapka and J.W.F. Valle, Dynamical left-right symmetry
breaking, Phys. Rev. D 53 (1996) 2752 [hep-ph/9509255] [INSPIRE].

R.N. Mohapatra and J.C. Pati, A Natural Left-Right Symmetry, Phys. Rev. D 11 (1975)
2558 [INSPIRE].

J.C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys. Rev. D 10 (1974) 275
[Erratum bid. 11 (1975) 703] [INSPIRE].

R.N. Mohapatra and G. Senjanovié¢, Neutrino Masses and Mixings in Gauge Models with
Spontaneous Parity Violation, Phys. Rev. D 23 (1981) 165 [INSPIRE].

W.-Y. Keung and G. Senjanovi¢, Majorana Neutrinos and the Production of the
Right-handed Charged Gauge Boson, Phys. Rev. Lett. 50 (1983) 1427 [INSPIRE].

—99 _


https://doi.org/10.1103/PhysRevD.99.055039
https://arxiv.org/abs/1810.03617
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.03617
https://doi.org/10.1103/PhysRevD.94.035006
https://arxiv.org/abs/1511.07436
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.07436
https://doi.org/10.1103/PhysRevD.99.055020
https://doi.org/10.1103/PhysRevD.99.055020
https://arxiv.org/abs/1811.01995
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.01995
https://doi.org/10.1103/PhysRevD.101.075046
https://doi.org/10.1103/PhysRevD.101.075046
https://arxiv.org/abs/1911.06576
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.06576
https://doi.org/10.1103/PhysRevD.103.075013
https://arxiv.org/abs/2008.07539
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.07539
https://doi.org/10.1007/JHEP02(2021)211
https://arxiv.org/abs/2012.00438
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.00438
https://doi.org/10.1007/JHEP05(2021)020
https://arxiv.org/abs/2103.01251
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.01251
https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1007/JHEP02(2021)071
https://arxiv.org/abs/2006.11237
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.11237
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB67%2C421%22
https://inspirehep.net/search?p=find+J%20%22Conf.Proc.%2CC7902131%2C95%22
https://arxiv.org/abs/1306.4669
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.4669
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C44%2C912%22
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD22%2C2227%22
https://doi.org/10.1103/PhysRevD.34.1642
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD34%2C1642%22
https://doi.org/10.1016/0370-2693(95)01504-3
https://arxiv.org/abs/hep-ph/9507275
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9507275
https://doi.org/10.1103/PhysRevD.53.2752
https://arxiv.org/abs/hep-ph/9509255
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9509255
https://doi.org/10.1103/PhysRevD.11.2558
https://doi.org/10.1103/PhysRevD.11.2558
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD11%2C2558%22
https://doi.org/10.1103/PhysRevD.10.275
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD10%2C275%22
https://doi.org/10.1103/PhysRevD.23.165
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD23%2C165%22
https://doi.org/10.1103/PhysRevLett.50.1427
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C50%2C1427%22

[99] I. Dorsner, S. Fajfer, A. Greljo, J.F. Kamenik and N. Kosnik, Physics of leptoquarks in
precision experiments and at particle colliders, Phys. Rept. 641 (2016) 1
[arXiv:1603.04993] [INSPIRE].

[100] F. Deppisch, S. Kulkarni and W. Liu, Heavy neutrino production via Z' at the lifetime
frontier, Phys. Rev. D 100 (2019) 035005 [arXiv:1905.11889] [INSPIRE].

[101] C.-W. Chiang, G. Cottin, A. Das and S. Mandal, Displaced heavy neutrinos from Z' decays
at the LHC, JHEP 12 (2019) 070 [arXiv:1908.09838] [INSPIRE].

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

[103] R.N. Mohapatra and R.E. Marshak, Local B-L Symmetry of Electroweak Interactions,
Magjorana Neutrinos and Neutron Oscillations, Phys. Rev. Lett. 44 (1980) 1316 [Erratum
ibid. 44 (1980) 1643] [NSPIRE].

[104] A. Davidson and K.C. Wali, Universal Seesaw Mechanism?, Phys. Rev. Lett. 59 (1987) 393
[INSPIRE].

[105] T. Appelquist, B.A. Dobrescu and A.R. Hopper, Nonexotic Neutral Gauge Bosons, Phys.
Rev. D 68 (2003) 035012 [hep-ph/0212073] [iNSPIRE].

[106] A. Das, S. Oda, N. Okada and D.-s. Takahashi, Classically conformal U(1)’ extended
standard model, electroweak vacuum stability, and LHC Run-2 bounds, Phys. Rev. D 93
(2016) 115038 [arXiv:1605.01157] [INSPIRE].

[107] S. Oda, N. Okada and D.-s. Takahashi, Classically conformal U(1)’ extended standard model
and Higgs vacuum stability, Phys. Rev. D 92 (2015) 015026 [arXiv:1504.06291] INSPIRE].

[108] M. Carena, A. Daleo, B.A. Dobrescu and T.M.P. Tait, Z’ gauge bosons at the Tevatron,
Phys. Rev. D 70 (2004) 093009 [hep-ph/0408098] [INSPIRE].

[109] J. Heeck, Unbroken B — L symmetry, Phys. Lett. B 739 (2014) 256 [arXiv:1408.6845]
[INSPIRE].

[110] A. Das, N. Okada and D. Raut, Heavy Majorana neutrino pair productions at the LHC' in
minimal U(1) extended Standard Model, Eur. Phys. J. C 78 (2018) 696
[arXiv:1711.09896] [INSPIRE].

[111] A. Das, N. Okada and D. Raut, Enhanced pair production of heavy Majorana neutrinos at
the LHC, Phys. Rev. D 97 (2018) 115023 [arXiv:1710.03377] [INSPIRE].

[112] LEP, ALEPH, DELPHI, L3, OPAL, LEP ELECTROWEAK WORKING GROUP, SLD
ELECTROWEAK GROUP and SLD HEAVY FLAVOR GROUP collaborations, A Combination
of preliminary electroweak measurements and constraints on the standard model,
hep-ex/0312023 [INSPIRE].

[113] S. Amrith, J.M. Butterworth, F.F. Deppisch, W. Liu, A. Varma and D. Yallup, LHC
Constraints on a B — L Gauge Model using Contur, JHEP 05 (2019) 154
[arXiv:1811.11452] [NSPIRE].

[114] CMS collaboration, Search for high-mass resonances in dilepton final states in
proton-proton collisions at \/s = 13 TeV, JHEP 06 (2018) 120 [arXiv:1803.06292]
[INSPIRE].

~ 93 -


https://doi.org/10.1016/j.physrep.2016.06.001
https://arxiv.org/abs/1603.04993
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.04993
https://doi.org/10.1103/PhysRevD.100.035005
https://arxiv.org/abs/1905.11889
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.11889
https://doi.org/10.1007/JHEP12(2019)070
https://arxiv.org/abs/1908.09838
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.09838
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1103/PhysRevD.20.776
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD20%2C776%22
https://doi.org/10.1103/PhysRevLett.44.1316
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C44%2C1316%22
https://doi.org/10.1103/PhysRevLett.59.393
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C59%2C393%22
https://doi.org/10.1103/PhysRevD.68.035012
https://doi.org/10.1103/PhysRevD.68.035012
https://arxiv.org/abs/hep-ph/0212073
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0212073
https://doi.org/10.1103/PhysRevD.93.115038
https://doi.org/10.1103/PhysRevD.93.115038
https://arxiv.org/abs/1605.01157
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.01157
https://doi.org/10.1103/PhysRevD.92.015026
https://arxiv.org/abs/1504.06291
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.06291
https://doi.org/10.1103/PhysRevD.70.093009
https://arxiv.org/abs/hep-ph/0408098
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0408098
https://doi.org/10.1016/j.physletb.2014.10.067
https://arxiv.org/abs/1408.6845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.6845
https://doi.org/10.1140/epjc/s10052-018-6171-8
https://arxiv.org/abs/1711.09896
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.09896
https://doi.org/10.1103/PhysRevD.97.115023
https://arxiv.org/abs/1710.03377
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.03377
https://arxiv.org/abs/hep-ex/0312023
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ex%2F0312023
https://doi.org/10.1007/JHEP05(2019)154
https://arxiv.org/abs/1811.11452
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.11452
https://doi.org/10.1007/JHEP06(2018)120
https://arxiv.org/abs/1803.06292
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.06292

[115] ATLAS collaboration, Search for high-mass dilepton resonances using 139fb=% of pp
collision data collected at /s = 13 TeV with the ATLAS detector, Phys. Lett. B 796 (2019)
68 [arXiv:1903.06248] [INSPIRE).

[116] K. Bondarenko, A. Boyarsky, D. Gorbunov and O. Ruchayskiy, Phenomenology of
GeV-scale Heavy Neutral Leptons, JHEP 11 (2018) 032 [arXiv:1805.08567] [INSPIRE].

[117] T. Sjostrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015)
159 [arXiv:1410.3012] [INSPIRE].

[118] P. Artoisenet, R. Frederix, O. Mattelaer and R. Rietkerk, Automatic spin-entangled decays
of heavy resonances in Monte Carlo simulations, JHEP 03 (2013) 015 [arXiv:1212.3460]
[INSPIRE].

[119] ATLAS collaboration, Search for long-lived neutral particles produced in pp collisions at
/s = 13 TeV decaying into displaced hadronic jets in the ATLAS inner detector and muon
spectrometer, Phys. Rev. D 101 (2020) 052013 [arXiv:1911.12575] [INSPIRE].

—94 —


https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1016/j.physletb.2019.07.016
https://arxiv.org/abs/1903.06248
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.06248
https://doi.org/10.1007/JHEP11(2018)032
https://arxiv.org/abs/1805.08567
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.08567
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.3012
https://doi.org/10.1007/JHEP03(2013)015
https://arxiv.org/abs/1212.3460
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.3460
https://doi.org/10.1103/PhysRevD.101.052013
https://arxiv.org/abs/1911.12575
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12575

	Introduction
	Models
	Light neutralinos and the R-parity-violating supersymmetry
	Heavy neutral leptons and Z' in U(1)(B - L) and U(1)(X)

	Timing detector and search strategy
	CMS minimum ionizing particle timing detector
	Search strategy
	Background

	Numerical simulation and results
	The light neutralino scenario
	The heavy neutral lepton scenario
	Discussion

	Conclusions

