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1 Introduction

Many theories beyond the standard model (SM) predict long-lived particles (LLPs), whose
mean proper lifetimes are longer than ∼0.1 ps, which could be detected by the experiments
at the CERN LHC. In some of these models, LLP decays include an invisible particle, which
can be a dark-matter candidate, making those models even more appealing. Such models
include the top squark (t̃) next-to-lightest supersymmetric particle (NLSP) [1, 2] and bino-
wino NLSP [3] models. Additionally, a variety of other models predict similar final states,
such as split supersymmetry (SUSY) [4–9], stealth SUSY [10, 11], gauge-mediated SUSY
breaking [12–14], and hidden valley models [15–17]. Because of their long lifetimes, LLPs
can travel a measurable distance in the detector, thus creating unique signatures that enable
the possibility to explore new regions of phase space.

This search targets LLPs that propagate between approximately 0.01 and 40 cm before
decaying to at least one neutral particle and a number of charged particles. The charged
particles from the LLP decays originate from displaced vertices, which can be reconstructed as
the common origin point of the trajectories of the charged LLP decay products. In addition,
the invisible particles produce missing transverse momentum (pmiss

T ), while an initial-state
radiation (ISR) jet provides the recoil against the LLPs to yield a large pmiss

T . As a result,
the search signature includes at least one displaced vertex, pmiss

T , and a jet from ISR.
The ATLAS and CMS Collaborations have previously performed searches for LLPs using

displaced vertices [18–24]. However, event and vertex selections applied in those searches
resulted in a reduced sensitivity to scenarios where the mass difference between the LLP
and the invisible particle is less than 25 GeV. The search presented in this paper aims to
cover this gap, focusing on a mass difference in the range of 12–25 GeV. To enhance the
sensitivity to small mass differences, this search makes use of well-measured low-momentum
tracks. Because of the improved performance of the upgraded tracker in 2017–2018 and the
reduced displaced tracking efficiency resulting from the electronic saturation effect of the
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tracker strip readout in 2016 [25], we perform the search using only events collected in 2017
and 2018, corresponding to an integrated luminosity of 100 fb−1.

The t̃ [1, 2] and bino-wino [3] NLSP models, illustrated in figure 1, are used as benchmark
signal models in this search. In both models, a bino-like neutralino (χ̃

0
1) is the lightest SUSY

particle (LSP). The NLSP model describes a coannihilation scenario with a t̃ (t̃) as the
NLSP. In this model, the t̃ is pair produced and long lived, and can decay either via a
four-body channel into two fermions (f ), a b quark, and a χ̃

0
1, or via a two-body channel

into a c quark and a χ̃
0
1. According to the theoretical predictions, the t̃ mass (mt̃ ), the mass

difference between the NLSP and LSP (∆m), and the branching fraction of the four-body
decay B(t̃ → bf f ′χ̃0

1) can be treated as free parameters, while the t̃ proper decay length (cτ)
depends on the other parameters. The decay width of the four-body decay Γ(t̃ → bf f ′χ̃0

1)
is given by ref. [1] as:

Γ(t̃ → bf f ′χ̃0
1) = 252 cm−1

( ∆m

30GeV

)8(400GeV
mt̃

)
, (1.1)

with cτ = B(t̃ → bf f ′χ̃0
1)/Γ(t̃ → bf f ′χ̃0

1). For different fermion flavors in the four-body decay,
the corresponding decay widths follow the relationships from ref. [1], where ℓ represents
a charged lepton (e, µ, or τ):

Γ(t̃ → budχ̃
0
1) ≈ Γ(t̃ → bcsχ̃

0
1) ≈ 3Γ(t̃ → bℓ+νℓ χ̃

0
1). (1.2)

When ∆m is less than approximately 25 GeV, cτ becomes sufficiently long to lead to the
production of displaced vertices. By requiring one or more displaced vertices, the analysis is
sensitive to the scenarios in which the top squarks are long-lived.

The bino-wino NLSP model predicts a nearly mass-degenerate wino-like chargino χ̃
±
1 and

a neutralino χ̃
0
2 as the NLSPs. In this scenario, the χ̃

±
1 decays promptly to a W± boson and a

χ̃
0
1, since the decay happens via a dimension-five operator. When the ∆m between the NLSP

and LSP is less than the Z boson mass, the χ̃
0
2 predominantly decays through an off-shell

Z or H boson, producing a pair of fermions and a χ̃
0
1. Both decay channels are suppressed

because of the large higgsino mass parameter, rendering the χ̃
0
2 long-lived. In this search, only

χ̃
0
2 decays mediated by the Z boson are considered. Pair production of χ̃

0
2 is not considered,

since in the pure wino scenario, neutralinos do not couple to the SM Z boson at tree level [26].
This suppresses the neutral current production mechanism for χ̃

0
2 pairs. For the statistical

interpretation, the masses of χ̃
±
1 and χ̃

0
2, the ∆m between the NLSP and LSP, and the cτ

of the χ̃
0
2 are all treated as free parameters. Previous searches by the ATLAS and CMS

Collaborations [27, 28] have explored this model. However, by exploiting displaced signatures,
the present search can probe previously inaccessible regions of the parameter space.

The paper is organized as follows. Section 2 provides an overview of the CMS detector.
Section 3 describes the data, simulation, and event selections used in this search. The vertex
reconstruction and selection are discussed in section 4. Section 5 presents the definitions of
the signal regions (SRs) and the background estimation procedure. Section 6 reviews the
systematic uncertainties associated with the signal efficiency and the background estimate.
The results and statistical interpretation are discussed in section 7. Finally, section 8
summarizes the paper. Tabulated results are provided in the HEPData record for this
analysis [29].
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Figure 1. Feynman diagrams for the t̃ NLSP (left) and the bino-wino NLSP (right) production.

2 The CMS detector

The CMS apparatus [30, 31] is a multipurpose, nearly hermetic detector, designed to trigger
on [32–34] and identify electrons, muons, photons, and (charged and neutral) hadrons [35–
37]. Its central feature is a superconducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron
calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons
are reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. More detailed descriptions of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in refs. [30, 31].

At the start of 2017, a new pixel detector was installed [38]; the upgraded tracker
measured charged particles within the range |η| < 3.0, covering the radius between 4 and
110 cm. During the LHC running period when the data used in this paper were recorded,
the silicon tracker consisted of 1856 silicon pixel and 15 148 silicon strip detector modules.
For nonisolated particles with transverse momentum (pT) in the range 1 < pT < 10GeV
and |η| < 3.0, the track resolutions are typically 1.5% in pT and 20–75 µm in the transverse
impact parameter (dxy) [37, 39].

Events of interest are selected using a two-tiered trigger system. The first level, referred to
as the level-1 (L1) trigger, is composed of custom hardware processors and uses information
from the calorimeters and muon detectors to select events at a rate of around 100 kHz within
a fixed latency of about 4 µs [33]. The second level, known as the high-level trigger, consists
of a farm of processors running a version of the full event reconstruction software optimized
for fast processing and reduces the event rate to around 1 kHz before data storage [32, 33].

A particle-flow (PF) algorithm [40] aims to reconstruct and identify each individual
particle in an event, with an optimized combination of information from the various elements
of the CMS detector. The energy of photons is obtained from the ECAL measurement.
The energy of electrons is determined from a combination of the electron momentum at the
primary interaction vertex, as determined in the tracker, the energy of the corresponding
ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with
originating from the electron track. The energy of muons is obtained from the curvature of
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the corresponding track. The energy of charged hadrons is determined from a combination of
their momentum measured in the tracker and the matching ECAL and HCAL energy deposits,
corrected for the response function of the calorimeters to hadronic showers. Finally, the energy
of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.
The primary vertex is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in section 9.4.1 of ref. [41].

For each event, hadronic jets are clustered from PF candidates using the infrared- and
collinear-safe anti-kT algorithm [42, 43] with a distance parameter of 0.4. Jet momentum
is determined as the vectorial sum of all particle momenta in the jet, and is found from
simulation to be, on average, within 5–10% of the true momentum over the entire pT spectrum
and detector acceptance. Additional proton-proton interactions within the same or nearby
bunch crossings (referred to as pileup) can contribute additional tracks and calorimetric
energy depositions to the jet momentum. To mitigate this effect, charged particles identified
as originating from pileup vertices are discarded, and an offset correction is applied to correct
for remaining contributions [44]. Jet energy corrections are derived from simulation to bring
the measured response of jets to that of particle-level jets on average. In situ measurements of
the momentum balance in dijet, photon+jet, Z+jet, and multijet events are used to account
for any residual differences in the jet energy scale between data and simulation [45]. The
jet energy resolution amounts typically to 15–20% at 30 GeV, 10% at 100 GeV, and 5% at
1 TeV [45]. Additional selection criteria are applied to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures [46].
To identify jets originating from b quark fragmentation (b jets), the “tight” working point
of the DeepJet tagging algorithm is used, which has an identification efficiency for b jets
from top quark decays with pT > 30GeV of about 58% and a misidentification probability
for light jets (from the fragmentation of u, d, s quarks and gluons) of about 0.1% [47–49].

The p⃗ miss
T is computed as the negative vector pT sum of all the PF candidates in an event,

and its magnitude is denoted as pmiss
T [50]. The p⃗ miss

T is modified to account for corrections
to the energy scale of the reconstructed jets in the event. Anomalous events with high pmiss

T
can be due to a variety of reconstruction failures, detector malfunctions, or noncollision
backgrounds. Such events are rejected by event filters that are designed to identify more
than 85–90% of the spurious high-pmiss

T events with a mistagging rate less than 0.1% [50].
Hadronic τ lepton decays (τh) are reconstructed from jets using the hadrons-plus-strips

algorithm [51], which combines one or three tracks with energy deposits in the calorimeters
to identify the τ decay modes.

3 Preselection and event samples

Events used in this search are required to pass a preselection, designed to select events
with a high-pT ISR jet and large pmiss

T . These events are recorded by a trigger requiring
pmiss

T > 120GeV and are required to have offline pmiss
T > 400GeV, which removes background

events, while retaining signal events. In addition, events are required to have at least one
jet with pT > 100GeV and |η| < 2.4. The highest pT jet in an event is considered the
ISR candidate jet. The preselection also rejects events containing well-reconstructed muon,
electron, photon, or hadronically decaying τ candidates that satisfy the following requirements.
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Muons must have pT > 10GeV and |η| < 2.4 [36]. Electrons are required to have pT > 10GeV
and |η| < 2.5 [35]. Photons must have pT > 15GeV and |η| < 2.5 [35]. Tau leptons are
required to have pT > 18GeV and |η| < 2.3 [51]. No requirements are imposed on the degree
of detector activity in the vicinity of any such lepton or photon. This veto allows for the
amount of background to be reduced by a factor of two.

Signal events are simulated at leading order (LO) using MadGraph5_amc@nlo 2.6.5 [52],
with up to two additional jets included in the matrix element calculations. The MLM [53]
prescription is used to match jets from matrix element calculations to those from parton
showers. The LLP production cross sections are normalized to next-to-next-to-LO (NNLO)
accuracy in quantum chromodynamics (QCD) and matched to next-to-next-to-leading loga-
rithmic (NNLL) soft-gluon resummation [54]. For the t̃ NLSP model, bound states resulting
from the color charges carried by t̃ could have kinematic effects and interact with materials
in the detector. The interactions follow the cloud model [55, 56] in the simulation. The t̃
NLSP samples are generated with different t̃ masses ranging from 400 to 1400 GeV, with ∆m

ranging from 12 to 25 GeV, and B(t̃ → bf f ′χ̃0
1) ranging from 10 to 100%, corresponding to

cτ in the range of 0.01–400 mm. The lower bound on ∆m is set to 12 GeV, as smaller values
of ∆m correspond to cτ ranges where the search sensitivity diminishes. The bino-wino NLSP
samples are generated with different masses of the NLSP ranging from 200 to 600 GeV, with
∆m ranging from 12 to 25 GeV, and cτ ranging from 0.2 to 200 mm.

As a result of the significant pmiss
T requirement, the dominating background processes

include Z and W boson production in association with up to four jets from the matrix
element calculations (Z/W+jets), where the Z boson decays to neutrino-antineutrino pairs
and the W boson decays to a lepton and its corresponding neutrino. Additional contributions
arise from tt , events with jets produced through the strong interaction (QCD events),
and single top quark production. The Z/W+jets and QCD events are generated using
MadGraph5_amc@nlo at LO, with the MLM [53] prescription for jet matching applied.
The tt events are generated using MadGraph5_amc@nlo 2.6.1 at next-to-LO (NLO), with
the FxFx [57] prescription for jet matching. Single top quark production is generated using
powheg [58–62] (version 2.0 for t-channel and 1.0 for tW-channel production) at NLO in
QCD, and the diboson processes are generated with pythia 8.240 [63]. Simulated background
events are used solely for selection optimization and systematic uncertainty studies and are
not employed in the search results, as the background is evaluated from data.

The NNPDF3.1 NNLO [64, 65] set of parton distribution functions (PDFs) is used for all
simulated samples. The MadGraph5_amc@nlo and powheg generators are interfaced with
pythia with the underlying event tune CP5 [66] to model parton showering and fragmentation.

For all the simulated events, Geant4 [67] is used to simulate the CMS detector response.
To describe the effect of pileup, simulated minimum bias events are superimposed on the
hard interactions, with the multiplicity matching that observed in data.

4 Displaced vertex reconstruction

Displaced vertices are found using well-reconstructed and displaced tracks. A track is
considered well reconstructed if it has pT > 0.5GeV, at least six associated tracker hits, a
normalized χ2 < 5, which represents the compatibility between the measured tracker hit
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positions and the positions predicted by the fitted track, and a relative uncertainty in pT
less than 1.5%. The displacement criterion requires a track to satisfy Strk

xy to be at least 2,
where Strk

xy is defined as the ratio of the dxy to its associated uncertainty and is calculated
with respect to the primary vertex.

Displaced vertices are reconstructed by the inclusive vertex finder (IVF) [47], which is
based on the adaptive vertex fitter [68]. In the IVF method, the selected tracks are sorted
into multiple clusters based on the distance of the closest approach between tracks. The
adaptive vertex fitter is then applied iteratively to each cluster to find the candidates for
displaced vertices. During the fitting process, multiple displaced vertices can be fit in a
single cluster, and tracks are assigned to vertices with weights reflecting the likelihood that
each track originates from a given vertex. A deterministic annealing algorithm is applied
to obtain a robust fit result. Vertex candidates are further merged if they share more than
70% of their associated tracks and if their separation satisfies dvv/σdvv

< 2, where dvv is the
distance between the vertices and σdvv

is its associated uncertainty. To obtain optimally
reconstructed vertices, an arbitration step is performed to assign tracks to vertex candidates
when they are in close proximity. In this step, the distance between unassociated tracks and
reconstructed vertices is evaluated. Tracks found to be sufficiently close to a vertex are added
to it, followed by a vertex refit. This procedure effectively “recycles” tracks that were not
already included in vertices, thereby enhancing the overall vertex reconstruction performance.
Following the track arbitration, an additional merging step is performed to prevent track
sharing: vertex candidates are merged if their distance divided by their uncertainty is less
than 10 and they share more than 20% of their tracks. Each time the set of tracks in a
vertex is updated, the vertex is refitted.

For this search, parameters of the IVF are tuned to allow vertices with tracks that have
large angular separation, thus enhancing the reconstruction efficiency for LLP decays with
large opening angles between the decay products and large pmiss

T . The reconstruction efficiency,
defined as the fraction of LLPs that are reconstructed as displaced vertices, is shown in figure 2
as a function of LLP transverse displacement. The results are presented for bino-wino NLSP
samples with an LLP mass (mLLP) of 400 GeV, cτ = 20mm, and ∆m = 25 and 12 GeV. The
tuned IVF shows significantly improved efficiency compared with the default configuration
across both ∆m values and displacement ranges. The reconstruction efficiency rises with
increasing transverse displacement up to a few centimeters, then gradually decreases because
of reduced tracking and vertexing performance at larger displacements.

Figure 3 shows the key features of a displaced vertex. The transverse distance between the
primary and displaced vertices is referred to as Lxy. The displacement vector is defined as the
vector pointing from the primary to the displaced vertex. The vertex momentum is calculated
as the vector sum of the momenta of all tracks at the vertex. The three-dimensional angle
between the displacement vector and the vertex momentum is referred to as αp.

The reconstructed displaced vertices can include background vertices resulting from
the SM LLPs, such as b hadrons, nuclear interactions between particles and materials
in the detector, and random crossings of unrelated tracks. Background vertices are re-
moved by applying selection criteria to both the tracks associated with the vertices and
the vertices themselves.
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Figure 2. The LLP reconstruction efficiency as a function of the transverse displacement of the LLP
decay vertex. Bino-wino NLSP samples with mLLP = 400GeV, cτ = 20mm, and ∆m = 25 (blue
circles) and 12 (red squares) GeV are shown in the plot. Tuned (solid) and default (dashed) IVF
are compared.

A “good track” must satisfy the following criteria. The number of associated detector
hits measured in the tracker must be greater than 13, which ensures that the track is well
measured. To remove tracks from pileup vertices, the absolute value of the ratio between dxy

and the longitudinal impact parameter (dz) must be greater than 0.25. Given the recoil of
the ISR jet, LLP decay products tend to be in the same hemisphere as the p⃗ miss

T and the
opposite hemisphere of the ISR jet. As a result, the difference in the azimuthal angle (ϕ)
between the track and p⃗ miss

T (∆ϕ(trk, p⃗ miss
T )) is required to be less than 1.5 radians, while

the ϕ difference between the track and the ISR jet candidate (∆ϕ(trk, ISR)) is required to be
greater than 1. To reject tracks within jets, we calculate the track isolation, defined as the
scalar sum of the transverse energy of charged hadrons, neutral hadrons, and photons within
a cone of ∆R = 0.3, where ∆R ≡

√
(∆ϕ)2 + (∆η)2 corresponds to the angular distance

between the track and each particle considered in the sum. The ratio of the track isolation
to the track pT is required to be less than 5. In addition, we require tracks to have Strk

xy

greater than 4 to further remove prompt background tracks.
The following selections on vertex features are also applied. The number of degrees of

freedom, calculated as two times the sum of track weights, less 3, must be greater than
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Figure 3. Diagram that shows the key features of a displaced vertex.

1, which ensures the vertices are well reconstructed. Following the same argument as the
good track selection, the ϕ difference between the vertex displacement vector and p⃗ miss

T
(∆ϕ(vtx, p⃗ miss

T )) is required to be less than 1.5, and the ϕ difference between the vertex
displacement vector and the ISR jet candidate (∆ϕ(vtx, ISR)) is required to be greater than 1.
In addition, the number of tracks that satisfy |dxy/dz| greater than 0.25 must be at least one
to remove vertices from pileup. To make the search sensitive to LLPs with different lifetimes,
no explicit selection on vertex Lxy is applied. Figure 4 compares the αp distribution for
vertices that satisfy the aforementioned selections in data, simulated background, and signal
from the bino-wino NLSP sample with mLLP = 400GeV, cτ = 20mm, and ∆m = 15GeV. It
shows that a large fraction of background vertices have a value of αp close to 0. A selection
of αp > 0.2 is imposed. This threshold is optimized to maximize the search sensitivity
based on the event yields in the SRs and is not directly derived from figure 4. To reduce
model dependence, no upper bound is imposed on αp. Comparing data and background
simulation, we find that data vertices tend to have larger αp. This discrepancy arises from
the mismodeling of pileup, as vertices in data are more likely to include additional tracks
originating from pileup interactions, which in turn lead to higher αp values.

To remove vertices that result from nuclear interactions of SM particles with the tracker
material, we veto vertices whose positions are consistent with originating within the tracker
material. To this end, we derived a material map from the positions of displaced vertex
candidates in 2017 and 2018 data. Events that satisfy the pmiss

T trigger with a minimum
threshold of 120 GeV and pass the noise filters [50] are used for this purpose. To avoid
potential bias, events that contribute to the SRs defined in section 5 are excluded in the
derivation of the map. In each event, displaced vertices are reconstructed and required to have
at least two tracks and greater than one degree of freedom. The map is obtained by projecting
all of the selected vertices onto the plane transverse to the beam. To remove vertices from SM
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Figure 4. The vertex αp distribution compared between data, simulation, and bino-wino NLSP
sample with mLLP = 400GeV, cτ = 20mm, and ∆m = 15GeV. All distributions are normalized to
unity. The ratio of data to simulation is shown in the lower panel. The arrow indicates the value of
the optimal αp threshold.

LLP decays and random track crossings, a requirement on the vertex density as a function of
the transverse radius is applied to exclude regions with fewer vertices. The resulting map is
shown in figure 5. A similar study was performed in ref. [21], and the resulting maps are
found to be consistent. The map is applied to both data and simulated events. The material
map veto reduces the signal efficiency by 0–10%, depending on the lifetime of the LLP.

Vertices that meet the criteria based on the vertex features and are not vetoed by the
material map are said to have passed the vertex selections and are used in the analysis.

5 Event selection and background estimation

In addition to the preselection defined in section 3, events with at least one vertex that
satisfies the vertex selections are further divided into four exclusive categories based on
the number of good tracks. Events containing at least one vertex with at least three good
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tracks are assigned to the tight signal plane. Those with at least one vertex containing
exactly two good tracks, and not satisfying the tight signal plane criteria, are assigned to the
medium signal plane. The remaining events with at least one vertex with one good track are
assigned to the loose signal plane. Events with vertices with no good tracks are classified
into the control plane. Within each plane, four regions are defined based on whether the
requirements pmiss

T > 700GeV and Svtx
xy > 20, where Svtx

xy denotes the ratio of the vertex
transverse displacement Lxy to its uncertainty, are satisfied. The Svtx

xy and pmiss
T variables

are found to be statistically independent for the background processes. The selections are
optimized to achieve the maximum sensitivity to the benchmark signal models. In events with
more than one vertex, the vertex with the greatest Svtx

xy is used. The definition of the regions
is illustrated in figure 6. The SRs include all regions in the tight and medium signal plane, and
regions A and C in the loose signal plane. All other regions are used as control regions (CRs),
including regions B and D in the loose signal plane and all regions in the control plane.

This search adopts a novel background estimation method using transfer factors, which is
purely based on data. The overall strategy consists of multiplying the number of events in
the control plane by transfer factors to predict the number of events in other planes. Because
of the Strk

xy > 4 requirement in the good track selection, Svtx
xy and the number of good tracks

are statistically dependent. To mitigate the impact of this dependence, the background
estimation is performed without the Svtx

xy selection. Instead, predictions are made for a given
pmiss

T range and the number of good tracks to ensure a more reliable estimation.
To predict the number of events without Svtx

xy selection, a transfer factor (fi→j) is defined
as the ratio of events in the target plane with j good tracks to those in the original plane
with i good tracks. These transfer factors are computed using events in the low-pmiss

T region
(200 < pmiss

T < 400GeV), as shown by eq. (5.1). The transfer factor for transitioning from
zero to one good track is derived from CRs B0, D0, B1, and D1 in the nominal search
planes, as shown by eq. (5.2). Additionally, the transfer factors obtained from low-pmiss

T
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D1 C1

B3 A3
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700
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( 3 good tracks)≥
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(1 good track)
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(0 good tracks)

pmissT (GeV)

Svtxxy

B2 A2

D2 C2
Medium plane  

(2 good tracks)

4000

Figure 6. Definition of the signal (orange) and control (blue) regions. Different planes are defined
based on the number of good tracks in the vertex. In each plane, different regions are divided according
to the pmiss

T and Svtx
xy values. The letters in the boxes correspond to the region labels described in the

text, while the numbers in the boxes correspond to the plane numbers.

events are scaled by the ratio of transfer factors between the search planes (zero to one good
track) and the low-pmiss

T planes, as shown by eq. (5.3). The estimated event yield is then
obtained by multiplying the number of events in the CRs by the corresponding transfer
factors, as shown by eqs. (5.4) and (5.5).

f
low-pmiss

T
i→j =

N j good track
bkg

N i good track
bkg

(i, j) = (0, 1), (1, 2), (2, 3). (5.1)

f0→1 =
NB1+D1

bkg

NB0+D0
bkg

. (5.2)

fi→i+1 = f0→1

f
low-pmiss

T
0→1

f
low-pmiss

T
i→i+1 i = 1, 2. (5.3)

NAi+Ci
bkg = NA0+C0

bkg

i−1∏
j=0

fj→j+1 i = 1, 2, 3. (5.4)

NBi+Di
bkg = NB1+D1

bkg

i−1∏
j=1

fj→j+1 i = 2, 3. (5.5)

After obtaining event counts for a given pmiss
T range and number of good tracks, the prediction

for events with the Svtx
xy selection is made. The Svtx

xy distributions for each plane are extracted
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from low-pmiss
T events (200 < pmiss

T < 400GeV) in data and used as proxies for the nominal
search planes. Studies indicate that the Svtx

xy distribution for a given plane remains consistent
across different pmiss

T ranges, justifying the use of low-pmiss
T events as a representative sample.

From these distributions, for a given plane with i good tracks, the fractions of events
satisfying the Svtx

xy selection (fvtx
i ) are computed. The final background prediction is obtained

by multiplying this fraction by the previously estimated total number of events, yielding
predictions across all SRs. The calculations are shown by eqs. (5.6)–(5.9).

NAi
bkg = NAi+Ci

bkg fvtx
i i = 1, 2, 3. (5.6)

NCi
bkg = NAi+Ci

bkg

(
1− fvtx

i

)
i = 1, 2, 3. (5.7)

NBi
bkg = NBi+Di

bkg fvtx
i i = 2, 3. (5.8)

NDi
bkg = NBi+Di

bkg

(
1− fvtx

i

)
i = 2, 3. (5.9)

To validate the background estimation method, orthogonal validation planes are constructed
by applying different requirements of ∆ϕ(trk/vtx, p⃗ miss

T /ISR). Specifically, it is required that
∆ϕ(trk/vtx, p⃗ miss

T ) > 1.5 and ∆ϕ(trk/vtx, ISR) > 0.4. These selections ensure that there
is no overlap with the SR and that the vertex is not within the ISR jet area. Figure 7
compares the observation and prediction for regions in the validation planes. It presents the
predicted central values along with their associated uncertainties. In the CRs, no predictions
are made. For most of the regions in the validation planes, the prediction and observation
agree within statistical uncertainties.

6 Systematic uncertainties

The impact of systematic uncertainties associated with the background estimation and the
signal efficiency, expressed as the resulting changes in the event yields, is summarized in table 1.

As described in section 5, the background is estimated from data. Therefore, the
modeling of the background in simulation has no impact on the analysis. For f0→1 and
fvtx

i , the statistical uncertainty in the derivation is used as a systematic uncertainty of
up to 2%. The prediction and observation when performing the background estimate
procedure in the validation plane defined in section 5 are consistent within the statisti-
cal uncertainties, so we apply no additional systematic uncertainty associated with the
background estimation.

Systematic uncertainties associated with the signal efficiency result from the modeling of
displaced tracks and vertex reconstruction, the accuracy of the material map, jet energy scale,
jet energy resolution, unclustered energy, pileup, trigger, lepton and photon veto, integrated
luminosity, and the running conditions.

The displaced track and vertex reconstruction efficiency is studied by reconstructing
displaced vertices from K0

S → π
−

π
+ decays [69]. Events that satisfy the event preselection

described in section 3 are used in the study. Vertices are reconstructed using the algorithms
described in section 4. To select K0

S decay candidates, vertices are required to have exactly
two tracks with opposite charges. In addition, the vertex αp is required to be less than
0.2, so the vertices used in this study do not overlap with the SRs. The distributions of
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Figure 7. The number of observed and predicted background events in the regions of the validation
planes. The predicted background is shown with its associated uncertainties. The observed data are
displayed with the 68% Poisson intervals. The lower panel shows the fractional difference between the
observed data and the predicted background.

vertex Lxy are compared between data and simulation. The Lxy distribution is obtained
by a fit-based background subtraction performed in each Lxy bin. For each bin of Lxy, the
invariant mass of a vertex, defined as the invariant mass of the two tracks assuming the
charged pion mass hypothesis, is required to be between 0.440 and 0.560 GeV. Vertices with
invariant masses outside the range 0.470–0.530 GeV are used as sidebands. A first order
polynomial is fitted to the sideband regions, and the number of K0

S decay candidate vertices
is determined by subtracting the fitted background from the total number of vertices with
invariant mass in the 0.470–0.560 GeV range. The simulation is normalized such that the
number of K0

S decay candidate vertices at small Lxy is the same in data and simulation. The
distributions after normalization in 2017 and 2018 data are shown in figure 8. The spread
of the ratio of data and simulation, defined as 68% of the size of its envelope, is assigned
as the systematic uncertainty, with a magnitude of 10–11%. To confirm that these results
are valid for vertices with more than two tracks, a similar study is performed using vertices
around b jets, and consistent behavior is observed.

Since the material maps are derived from data, discrepancies may arise because of potential
differences in the modeling of detector material between data and simulation. To account for
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Systematic uncertainty Magnitude
Background estimate <2%
Track/vertex reconstruction 10–11%
Material map veto 1–3%
Jet energy scale 2–4%
Jet energy resolution 1–2%
Unclustered energy 1–2%
Pileup 3–4%
Trigger 3%
Scale variations 1–5%
PDF variations <1%
Integrated luminosity 2–3%
L1 trigger inefficiency <1%

Table 1. Summary of the systematic uncertainties. The magnitude represents the change in the
event yields.

this, a corresponding material map is constructed using simulated events, and the resulting
variation in the signal yield is taken as a systematic uncertainty. This uncertainty ranges 1–3%.

The selections on the ISR jet and pmiss
T are affected by the jet energy scale, jet energy

resolution, and unclustered energy. The corresponding systematic uncertainties are evaluated
by shifting the parameters that describe the mismodeling by one standard deviation. The
resulting magnitude is 2–4% for the jet energy scale, 1–2% for the jet energy resolution, and
1–2% for the unclustered energy. The uncertainty in the modeling of the pileup distribution
arises from the uncertainty in the total inelastic cross section. It is evaluated from the
variation in the reweighted signal event yield when the cross section is varied within its
uncertainty [70], resulting in a magnitude of 3–4%. The modeling of pmiss

T trigger efficiency
results in a systematic uncertainty of 3%.

The measurement of the integrated luminosity for the 2017 and 2018 data-taking years
results in an uncertainty of 2–3% [71, 72]. Variations in the PDFs and the renormalization
and factorization scales used in signal simulation lead to changes in the selection efficiencies
of the signal models. These uncertainties are estimated by reweighting the simulated signal
events according to the variations among different NNPDF replicas [73] and the scale choices.
The resulting uncertainties in the selection efficiency are less than 1% from PDFs and 1–5%
from the scale variations (up and down by a factor of two, with the two extreme variations
excluded). During the 2017 data-taking year, a gradual timing shift in the ECAL was not
correctly accounted for in the L1 trigger, resulting in an efficiency drop for events with
significant ECAL energy distributed in the high-η region. This effect is simulated and results
in a residual uncertainty in the signal yield of less than 1%.
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Figure 8. The K0
S decay candidate vertex Lxy distribution compared between data and simulation.

The ratios between data and simulation are shown in the lower panel.

7 Results and statistical interpretation

A maximum likelihood fit is performed in all of the regions described in section 5, under the
background-only assumption, using the CMS statistical analysis tool Combine [74]. The
systematic uncertainties are treated as uncorrelated nuisance parameters in the fit.

For each search plane, the observed data yields and background predictions after the fit
are presented in figure 9. The figure also includes the expected yields and their statistical
uncertainties from two representative signal models: a t̃ NLSP signal model with mt̃ =
1000GeV, ∆m = 20GeV, and B = 100% (cτ =2.53 mm); and a bino-wino NLSP model
with mLLP = 400GeV, ∆m = 20GeV, and cτ = 20mm. The predicted central values are
shown along with their associated uncertainties, excluding Poisson statistical uncertainties.
Differences between the predicted and observed yields are observed in several regions. In the
tight selection plane, regions B and D show predicted yields of 7.7 and 9.2 events, whereas
the corresponding observed numbers of events are three and five. In region B of the medium
plane, the observed yield of 98 events exceeds the prediction of 78.8. An observed p-value [75]
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Figure 9. The number of observed and predicted background events after the fit to the regions of the
search planes. In addition, two representative signals are shown. The predicted background is shown
with its associated uncertainties. The observed data are displayed with the 68% confidence level
Poisson confidence intervals. The lower panel shows the fractional difference between the observed
data and the predicted background.

of 0.5, obtained from the combined comparison of observed and predicted background yields
across all regions, indicates no significant deviation from the background-only hypothesis.
Regions A and B in the tight selection plane provide the highest sensitivity for signal models
with cτ > 1mm, while regions C and D are more sensitive to models with smaller cτ values.

To constrain signal model parameters, the 95% confidence level (CL) upper limit on
the production cross section for a given assumption of the branching fraction is extracted
using the CLs criterion [74, 76, 77] with the profile likelihood ratio as the test statistic. Data
sets from different data-taking years are treated separately and combined during the final
fit. The upper limits are compared with the theoretical prediction of the production cross
section and uncertainty [78] calculated at NNLO+NNLL precision [54] to exclude regions
of the parameter space of the benchmark signal models.

Figures 10 and 11 present the upper limits and exclusion regions for the t̃ NLSP model
and the bino-wino NLSP model, respectively. For the t̃ NLSP model, the limits are shown
as functions of ∆m and mLLP under different assumptions of B(t̃ → bf f ′χ̃0

1). For the bino-
wino NLSP model, they are displayed as functions of the mLLP and cτ , with different ∆m

scenarios shown in separate plots. The observed upper limits are lower than the expected
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ones due to differences between the observed and predicted yields in regions B and D of
the tight signal plane.

The search sensitivity depends strongly on the cτ . The optimal sensitivity is achieved
for moderate values of cτ around 10 mm. Sensitivity degrades at low cτ because of the
displacement requirements in track and vertex reconstruction, and at high cτ because of
reduced reconstruction and selection efficiency for highly displaced tracks. Sensitivity also
improves with increasing ∆m.

In the t̃ NLSP model, where cτ depends on B(t̃ → bf f ′χ̃0
1), ∆m, and mLLP, the region

of highest sensitivity shifts with B(t̃ → bf f ′χ̃0
1) because of the change of cτ . Specifically, the

value of ∆m that corresponds to a cτ on the order of O(10mm) increases with increasing
B(t̃ → bf f ′χ̃0

1). In contrast, for the bino-wino NLSP model, where the parameters are
uncorrelated, the sensitivity is maximized for large ∆m and moderate cτ .

For the t̃ NLSP model, the search excludes t̃ with masses less than 400–1100 GeV,
corresponding to theoretical production cross sections of 2150–3 fb, depending on the ∆m and
B(t̃ → bf f ′χ̃0

1). This parameter space has not been explored by previous searches. For the bino-
wino NLSP model, the search excludes NLSPs with masses below 220–550 GeV, corresponding
to theoretical production cross sections of 1268–30 fb, depending on the ∆m and cτ .

8 Summary

A search for long-lived particles in signatures with displaced vertices with low-momentum
tracks, missing transverse momentum, and an initial-state radiation jet has been presented.
Proton-proton collision data at a center-of-mass energy of 13 TeV collected by the CMS
experiment at the CERN LHC, with a total integrated luminosity of 100 fb−1, are used
in the search. Compared with the previous CMS and ATLAS searches using displaced
vertices, this search targets vertices with tracks of significantly lower momenta. This search
adopts specific supersymmetric (SUSY) coannihilation scenarios as benchmark signal models,
characterized by a long-lived next-to-lightest SUSY particle (NLSP) with a mass differ-
ence of less than 25 GeV relative to the lightest SUSY particle, assumed to be a bino-like
neutralino. In the top squark (t̃) NLSP model, the NLSP is a t̃ , while in the bino-wino
NLSP scenario, the mass-degenerate NLSPs are a wino-like long-lived neutralino and a
short-lived chargino.

This search reconstructs displaced vertices using a customized algorithm based on the
inclusive vertex finder [47]. In addition, the background estimation method using transfer
factors allows for targeting multiple signal regions, thus enhancing the search sensitivity.

The search shows good overall agreement between the background predictions and
observed event yields across most of the signal regions. The search excludes t̃ masses
less than 400–1100 GeV and wino-like neutralinos with masses less than 220–550 GeV, de-
pending on the signal parameters. This search is the first at the LHC to demonstrate
sensitivity to long-lived particles in compressed-spectrum scenarios using displaced-vertex
signatures. It sets the most stringent upper limits to date for the t̃ and bino-wino NLSP
signal models.
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Figure 10. Observed 95% CL upper limits on the t̃ production cross section, as functions of mt̃ and
∆m, for B(̃t → bf f ′

χ̃
0
1) of 10% (upper left), 50% (upper right), and 100% (lower). The observed (solid

black) and expected (dashed red) exclusion curves are overlaid on the plots. The search excludes the
region to the left of the exclusion curves. For B(̃t → bf f ′

χ̃
0
1) = 10% (upper left), the exclusion curves

terminate at ∆m = 20GeV, as no masses can be excluded at larger mass splittings because of reduced
sensitivity in this region.
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Figure 11. Observed 95% CL upper limits on the production cross section for the bino-wino NLSP
model, as functions of mLLP and cτ , for ∆m of 12 GeV (upper left), 15 GeV (upper right), 20 GeV
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