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A search for long-lived particles decaying into jets is presented. Data were collected with the
CMS detector at the LHC from proton-proton collisions at a center-of-mass energy of 13 TeV in 2016,
corresponding to an integrated luminosity of 35.9 fb−1. The search examines the distinctive topology
of displaced tracks and secondary vertices. The selected events are found to be consistent with standard
model predictions. For a simplified model in which long-lived neutral particles are pair produced
and decay to two jets, pair production cross sections larger than 0.2 fb are excluded at 95% confidence
level for a long-lived particle mass larger than 1000 GeV and proper decay lengths between 3 and
130 mm. Several supersymmetry models with gauge-mediated supersymmetry breaking or R-parity
violation, where pair-produced long-lived gluinos or top squarks decay to several final-state topologies
containing displaced jets, are also tested. For these models, in the mass ranges above 200 GeV, gluino
masses up to 2300–2400 GeV and top squark masses up to 1350–1600 GeV are excluded for proper
decay lengths approximately between 10 and 100 mm. These are the most restrictive limits to date on
these models.
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I. INTRODUCTION

A large number of extensions to the standard model
(SM) predict the production of long-lived particles at the
CERN LHC that can further decay into final states
containing jets. The theoretical motivations are extremely
rich [1]; examples include split supersymmetry (SUSY)
[2–7], SUSY with weak R-parity violation (RPV) [8–11],
SUSY with gauge-mediated supersymmetry breaking
(GMSB) [12–14], “stealth SUSY” [15,16], “Hidden
Valley” models [17–19], baryogenesis triggered by weakly
interacting massive particles (WIMPs) [20–22] and twin
Higgs models [23–25].
In this paper, we search for long-lived particles decaying

into jets, with each long-lived particle having a decay
vertex displaced from the production vertex by up to 55 cm
in the transverse plane. Events used in this analysis were
collected with the CMS detector [26] at the LHC from
proton-proton (pp) collisions at a center-of-mass energy of
13 TeV in 2016, corresponding to an integrated luminosity
of 35.9 fb−1. The analysis examines dijets formed by jets

clustered from energy deposits in the calorimeters. For the
displaced-jet signal, the tracks left by charged particles
originating from the decay of a long-lived particle will
usually exhibit large displacements with respect to the
primary vertex, allowing the reconstruction of a secondary
vertex within the associated dijet. The properties of the
secondary vertex can be utilized to discriminate between
the long-lived signatures and the SM backgrounds.
Although the objects studied here are dijets, two separate
displaced single jets can pass the selection criteria, even
when each displaced vertex contains only one jet. A variety
of models predict long-lived particles decaying into dis-
placed jets and we test several of them, including SUSY
models with GMSB or RPV, as will be discussed in detail
in Sec. III.
Results of searches for similar long-lived particle sig-

natures at
ffiffiffi

s
p ¼ 8 TeV have been reported by ATLAS

[27,28], CMS [29–31], and LHCb [32,33]. The ATLAS
Collaboration has reported on a search at

ffiffiffi

s
p ¼ 13 TeV,

which includes a missing transverse momentum require-
ment [34]. The CMS Collaboration has reported several
long-lived particle searches at

ffiffiffi

s
p ¼ 13 TeV; one doesn’t

utilize secondary vertex information [35], and another
searches for a pair of displaced vertices within the beam
pipe [36]. The search presented in this paper is designed to
be sensitive to multiple final-state topologies containing
displaced jets, and is therefore sensitive to a wide range of
long-lived particle signatures.
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II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting 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 detectors. Muons are detected in
gas-ionization chambers embedded in the steel flux-return
yoke outside the solenoid.
The silicon tracker measures charged particles in the

pseudorapidity range jηj < 2.5. It consists of 1440 silicon
pixel and 15 148 silicon strip detector modules. For non-
isolated particles of 1 < pT < 10 GeV and jηj < 1.4, the
track resolutions are typically 1.5% in pT, and 25–90
ð45–150Þ μm in the transverse (longitudinal) impact
parameter [37].
In the region jηj < 1.74, the HCAL cells have widths of

0.087 in pseudorapidity and 0.087 in azimuth. In the η-ϕ
plane, and for jηj < 1.48, the HCAL cells map on to 5 × 5

arrays of ECAL crystals to form calorimeter towers
projecting radially outward from the nominal interaction
point. For jηj > 1.74, the coverage of the towers increases
progressively to a maximum of 0.174 inΔη andΔϕ. Within
each tower, the energy deposits in ECAL and HCAL cells
are summed to define the calorimeter tower energies,
and are subsequently used to provide the energies and
directions of hadronic jets.
Events of interest are selected using a two-tiered trigger

system [38]. The first level (L1), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of around
100 kHz within a time interval of less than 4 μs. The second
level, known as the high-level trigger (HLT), 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.
Amore detailed description of the CMSdetector, together

with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [26].

III. DATA SETS AND SIMULATED SAMPLES

Data were collected with a dedicated HLT displaced-jet
trigger. At the trigger level, jets are reconstructed from the
energy deposits in the calorimeter towers, clustered using
the anti-kT algorithm [39,40] with a distance parameter of
0.4. In this process, the contribution from each calorimeter
tower is assigned a momentum, the absolute value and the
direction of which are given by the energy measured in the
tower and the coordinates of the tower. The raw jet energy
is obtained from the sum of the tower energies, and the raw
jet momentum from the vector sum of the tower momenta,
which results in a nonzero jet mass. The raw jet energies are
then corrected [41] to establish a relative uniform response

of the calorimeter in η and a calibrated absolute response
in transverse momentum pT.
Events may contain multiple primary vertices, corre-

sponding to multiple pp collisions occurring in the same
bunch crossing. The reconstructed vertex with the largest
value of summed physics-object pT

2 is taken to be the
primary pp interaction vertex, referred to as the leading
primary vertex. The physics objects are the “jets,” clustered
using the jet finding algorithm [39,40] with the tracks
assigned to the vertex as inputs, and the associated missing
transverse momentum, taken as the negative vector sum of
the pT of those jets. More details are given in Sec. 9.4.1
of Ref. [42].
The displaced-jet trigger requires an HT larger than

350 GeV, where HT is defined as the scalar sum of the
transverse momenta of all jets satisfying pT > 40 GeV and
jηj < 2.5 in the event. The trigger also requires the presence
of at least two jets, each of them satisfying the following
requirements:

(i) pT > 40 GeV and jηj < 2.0;
(ii) at most two associated prompt tracks, which are

tracks having a transverse impact parameter (with
respect to the leading primary vertex) smaller than
1.0 mm; and

(iii) at least one associated displaced track, defined as a
track with a transverse impact parameter (with
respect to the leading primary vertex) larger than
0.5 mm, and an impact parameter significance larger
than 5.0, where the significance is the ratio of the
impact parameter to its uncertainty.

The main background of this analysis arises from the
SM events comprised uniquely of jets produced through
the strong interaction, referred to as quantum chromody-
namics (QCD) multijet events. The QCD multijet sample is
simulated with MADGRAPH5_aMC@NLO 2.2.2 [43] at leading
order, which is interfaced with PYTHIA 8.212 [44] for parton
showering, hadronization, and fragmentation. Jets from the
matrix element calculations are matched to parton shower
jets using the MLM algorithm [45]. The CUETP8M1 tune
[46] is used for modeling the underlying event. For parton
distribution function (PDF) modeling, the NNPDF3.0 PDF
set [47] is used.
One of the benchmark signal models is a simplified

model, referred to as the jet-jet model, where long-lived
scalar neutral particles X are pair-produced through a
2 → 2 scattering process, mediated by an off-shell Z boson
propagator. Each X particle decays to a quark-antiquark
pair, and is assumed to do so with equal branching fractions
to u, d, s, c, and b quark pairs. Although X could decay to
top quark pairs, we chose a signature with a simple
topology, such that the analysis strategy would be sensitive
to a variety of models. Simulation shows that exclusion
of the top quark pair decay mode leads to only small
changes in the signal efficiency. The chosen signature
has two displaced vertices, each of them the origin of one
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displaced jet pair. The samples are produced with dif-
ferent resonance masses ranging from 50 to 3000 GeV, and
with different proper decay lengths ranging from 1 mm
to 10 m.
Several SUSY models with long-lived particles are

considered, where we mainly focus on testing SUSY
particles with masses larger than 200 GeV. The first is a
GMSB SUSY model [1], in which the gluino is long lived
and then decays to a gluon and a gravitino, referred to as
the g̃ → gG̃ model. The gravitino is assumed to be the
lightest supersymmetric particle (LSP) and manifests
itself as missing transverse momentum. The signature is
two displaced vertices, each of them the origin of a single
displaced jet and missing transverse momentum. The
samples are produced with gluino masses from 800 to
2500 GeV, and a proper decay length varying from 1 mm
to 10 m.
The second is an RPV SUSY model [48] with minimum

flavor violation, where the gluino is long lived and decays
to a top quark and a top squark, the top squark is assumed to
be virtual and decays to a strange antiquark and a bottom
antiquark through the RPV interaction with strength given
by the coupling λ00

323
[11], effectively resulting in a three-

body decay with a “multijet” final-state topology. This
model is referred to as the g̃ → tbs model. The samples are
produced with gluino masses from 1200 to 3000 GeV, and a
proper decay length varying from 1 mm to 10 m.
Other signal models considered include an RPV SUSY

model [49], in which the long-lived top squark decays to a
bottom quark and a charged lepton via RPV interactions
with strengths given by couplings λ0331, λ0332, and λ0

333
[11],

assuming the decay rate to each of the three lepton flavors
to be equal, referred to as the t̃ → bl model. The samples
are produced with different top squark masses from 200 to
1600 GeV, and a proper decay length varying from 1 mm
to 1 m.
We also consider another SUSY model motivated by

dynamical R-parity violation (dRPV) [50,51], where the
long-lived top squark decays to two down antiquarks via
RPV interaction with strength given by a nonholomorphic
RPV coupling η00

311
[52], referred to as the t̃ → d̄ d̄ model.

The samples are produced with different top squark masses
from 800 to 1800 GeV, and proper decay length varying
from 1 mm to 10 m.
All signal samples are produced with PYTHIA 8.212, and

NNPDF2.3QED [53] is used for PDF modeling. When a
gluino or top squark is long lived, it will have enough time
to form a hadronic state, an R-hadron [9,54,55], which is
simulated with PYTHIA. For underlying event modeling the
CUETP8M1 tune is utilized.
Both the background and the signal events are processed

with a GEANT4-based [56] simulation for detailed CMS
detector response. To take account of the effects of addi-
tional pp interactions within the same or nearby bunch
crossings (“pileup”), additional minimum bias events are

overlaid on the simulated events to match the pileup
distribution observed in the data.

IV. EVENT RECONSTRUCTION AND

PRESELECTION

The offline jet reconstruction and primary vertex selec-
tion follow the same procedures applied at the trigger
level (as described in Sec. III), except that the full offline
information is used. After the trigger selection, events are
selected offline requiring HT > 400 GeV; dijet candidates
are formed from all possible pairs of jets in the event, where
the jets are required to have transverse momenta pT >
50 GeV and pseudorapidity jηj < 2.0. These selection
criteria are chosen so that the online HT and jet pT
requirements in the trigger are fully efficient. The track
candidates used in this analysis are required to have “high
purity” and to have transverse momenta pT > 1 GeV. The
“high-purity” selection utilizes track information (includ-
ing the normalized χ2 of the track fit, the impact param-
eters, and the hits in different layers) to reduce the fake rate
and is optimized separately for each iteration of the track
reconstruction, so that it is efficient for selecting tracks with
different displacements. More details of the “high-purity”
selection can be found in Sec. 4.4 of Ref. [37]. The η and ϕ
of the track are determined by the direction of the
momentum vector at the closest point to the leading
primary vertex. The tracks are then associated with the
jets by requiringΔR < 0.5, whereΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

and Δη (Δϕ) is the difference in η (ϕ) between the jet axis
and the track direction. If a track satisfies ΔR < 0.5 for
more than one jet, it is associated with the jet with
smaller ΔR.
To reconstruct secondary vertices, displaced tracks

associated with each dijet candidate are selected by
requiring transverse impact parameters (with respect to
the leading primary vertex) larger than 0.5 mm and trans-
verse impact parameter significances larger than 5. An
adaptive vertex fitter algorithm [57] is then used for
reconstructing a possible secondary vertex (containing at
least 2 tracks) with the displaced tracks in each dijet.
The adaptive vertex fitter utilizes an annealing algorithm
in which the outlier tracks are down-weighted for each
step, and thus exhibits robustness against outlier tracks.
Only secondary vertices with a χ2 per degree-of-freedom
(χ2=ndof) of less than 5.0 are selected. Also, the four-
momentum of the vertex is reconstructed assuming the pion
mass for all assigned tracks; the invariant mass of the vertex
is required to be larger than 4 GeV, and the transverse
momentum of the vertex is required to be larger than 8 GeV,
in order to suppress long-lived SM mesons and baryons.
Each dijet candidate is required to have one recon-

structed secondary vertex satisfying the above selection
criteria. Furthermore, we select the track with the second-
highest transverse (two-dimensional) impact parameter (IP)
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significance among the tracks that are assigned to the
secondary vertex (the highest two-dimensional IP signi-
ficance is usually more sensitive to the tail of impact
parameter distribution in the background process, and is
therefore less powerful). For displaced-jet signatures,
where tracks tend to be more displaced, the two-
dimensional IP significance of this selected track will be
large. If it is smaller than 15, the dijet candidate is rejected.
We also compute the ratio between the sum of energy for all
the tracks assigned to the secondary vertex and the sum of
the energy for all the tracks associated with the two jets.
This ratio is expected to be large for displaced-jet signa-
tures, therefore dijet candidates with a ratio smaller than
0.15 are rejected.
An additional variable, ζ, is defined to characterize the

contribution of prompt activity to the jets. For each track
associated with a jet, the primary vertex (including the
leading primary vertex and the pileup vertices) with the
minimum three-dimensional impact parameter significance
to the track is identified. If this minimum three-dimensional
impact parameter significance is smaller than 5, we assign
the track to this primary vertex. Then for each jet, we
compute the track energy contribution from each primary
vertex, and the primary vertex with the largest track energy
contribution to the jet is chosen. Finally, we define ζ as

ζ ¼
P

track∈PV1
E
Jet1
track þ

P

track∈PV2
E
Jet2
track

EJet1 þ EJet2

; ð1Þ

which is the charged energy fraction of the dijet associated
with the most compatible primary vertices. For displaced-
jet signatures, ζ tends to be small since the jets are not
compatible with primary vertices. Dijet candidates with ζ

larger than 0.2 are rejected.
We do not require the secondary vertex to contain tracks

from both jets in the dijet candidate. Two displaced single
jets originating from two separate displaced vertices can be
paired together and pass the selection, thus the search can
be sensitive to long-lived particles decaying to a single jet
(as in the g̃ → gG̃ model).
The preselection criteria of the analysis are summarized

in Table I. The variables used in the preselection are

checked in data and QCD multijet MC events, and are
found to be well-modeled in the MC events.

V. EVENT SELECTION AND

BACKGROUND PREDICTION

In addition to the secondary vertex reconstruction based
on the adaptive vertex fitter, an auxiliary algorithm is
explored. For each displaced track (as defined in Sec. III)
associated with the dijet, an expected decay point consis-
tent with the displaced dijet hypothesis is determined by
finding the crossing point between the track helix and the
dijet direction in the transverse plane. The displaced tracks
associated with the dijet are then clustered based on the
expected transverse decay length with respect to the leading
primary vertex L

exp
xy using a hierarchical clustering algo-

rithm [58], in which two clusters are merged together when
the smallest expected transverse decay length difference
between the two clusters is smaller than 15% of the
transverse decay length (Lxy) of the secondary vertex.
When more than one cluster is formed after the final step of
the hierarchical clustering, the one closest to the secondary
vertex is selected. The cluster root-mean-square (RMS),
which is a relative RMS of individual tracks L

exp
xy with

respect to the secondary vertex Lxy, is computed to provide
signal-background discrimination:

RMScluster ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

Ntracks

X

Ntracks

i¼1

ðLexp
xy ðiÞ − LxyÞ2

L2
xy

v

u

u

t : ð2Þ

We then construct a likelihood discriminant based on three
variables:

(i) vertex track multiplicity;
(ii) vertex Lxy significance;
(iii) cluster RMS.
The three variables are chosen so that the correlations

between them are small. The likelihood discriminant, L, is
defined as

L ¼ pS

pS þ pB
¼ 1

1þ pB=pS
¼ 1

1þ
Q

ipBi=pSi
; ð3Þ

where pSðpBÞ is the probability distribution function of
the signal (background), and i is the label for different
variables. Simulated jet-jet model events and simulated
QCD multijet events are used to derive the probability
distribution functions, where jet-jet model events with
mX ¼ 300 and 1000 GeV, and with cτ0 ¼ 1, 3, 10, 30,
100, 300, and 1000 mm are added together to derive pS.
When building the likelihood discriminant the trigger
requirement is removed, since the number of simulated
events is limited. Figure 1 shows the distributions of the
three variables used to build the likelihood discriminant, as
well as the discriminant itself, with selections onHT and jet
kinematic variables applied. Simulated signal events for the

TABLE I. Summary of the preselection criteria.

Secondary-vertex/dijet variable Requirement

Vertex χ2=ndof <5.0
Vertex invariant mass >4 GeV
Vertex transverse momentum >8 GeV
Second largest two-dimensional IP significance >15

Vertex track energy fraction in the dijet >0.15
ζ (charged energy fraction associated
with compatible primary vertices)

<0.20
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jet-jet model withmX ¼ 300 GeV at different proper decay
lengths cτ0 are also shown for comparison.
Two other variables are utilized in the event selection.

One is the number of three-dimensional prompt tracks in a
single jet, where three-dimensional prompt tracks are the
tracks with three-dimensional impact parameters (with
respect to the leading primary vertex) smaller than
0.3 mm. The other is the jet energy fraction carried by
two-dimensional prompt tracks, referred to as the charged
prompt energy fraction, where two-dimensional prompt
tracks are those having transverse impact parameters (with
respect to the leading primary vertex) smaller than 0.5 mm.

If more than one dijet candidate passes the preselections
described in Sec. IV, the one with the largest track
multiplicity is selected. When the track multiplicities are
the same, the one with the smallest χ2 per degree-of-
freedom is selected. The candidate is then required to pass
three final selection criteria. The first makes a selection on
the number of three-dimensional prompt tracks and on the
charged prompt energy fraction for the leading jet, while
the second places a similar requirement on the same
variables for the subleading jet. The third makes a selection
on the discriminant variable L. The three selection criteria
are chosen such that the correlations between them are
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FIG. 1. The distributions of vertex track multiplicity (upper left), vertex Lxy significance (upper right), cluster RMS (lower left), and
likelihood discriminant (lower right), for data, simulated QCD multijet events, and simulated signal events. The lower panel of each plot
shows the ratio between the data and the simulatedQCDmultijet events. Data and simulated events are selectedwith the displaced-jet trigger.
The offlineHT is required to be larger than 400 GeV, and the jets are required to havepT > 50 GeV and jηj < 2.0. The error bars and bands
represent the statistical uncertainties of each distribution. Three benchmark signal distributions are shown (dashed lines) for the jet-jet model
withmX ¼ 300 GeV and varying lifetimes. For visualization each signal process is given a cross section, σ, such that σ 35.9 fb−1 ¼ 1 × 106.
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small for background events. The numerical values of the
selection criteria are chosen by optimizing the signal
sensitivity for the jet-jet model across different proper
decay lengths (1–1000 mm) and different X masses (100–
1000 GeV). The final selection criteria are determined to be

(i) Selection 1: for the leading jet in the dijet candidate,
the number of three-dimensional prompt tracks is
smaller than 2, the charged prompt energy fraction is
smaller than 15%;

(ii) Selection 2: for the subleading jet in the dijet
candidate, the number of three-dimensional prompt
tracks is smaller than 2, the charged prompt energy
fraction is smaller than 13%; and

(iii) Selection 3: L is larger than 0.9993.
For the jet-jet model, when mX ¼ 1000 GeV and

after all the selection criteria are applied, the signal
efficiencies for proper decay lengths cτ0 ¼ 1, 10, 100,
and 1000 mm are 9.7, 57, 45, and 7.8%, respectively. When

mX ¼ 100 GeV, the signal efficiencies for cτ0 ¼ 1, 10, 100
and, 1000 mm are 0.9, 4.4, 1.6, and 0.2%, respectively.
More details of the signal efficiencies for different signal
models can be found in Tables VI–X of Appendix.
Based on the three selections above, eight nonoverlap-

ping regions are defined (regions A–H), as shown in
Table II. The signal region (region H) is defined for events
passing all three selections. The rest of the regions (A–G)
are when events fail one or more of the three selections. The
background estimate relies on the three selection criteria
having little correlation between them. The background
yield in the signal region H is predicted by different
ratios of event counts in regions A–G, where the ratio
GðDþ Eþ FÞ=ðAþ Bþ CÞ uses the fraction of events
passing to those failing the likelihood discriminant selec-
tion (selection 3) and is taken as the central value of the
predicted background events. Three additional ratios are
evaluated using the events failing one or both of the other
two selections (selections 1 and 2):

(i) cross-check 1: GðDþ EÞ=ðAþ CÞ, uses events that
fail selection 1;

(ii) cross-check 2: GðDþ FÞ=ðAþ BÞ, uses events that
fail selection 2; and

(iii) cross-check 3: GðEþ FÞ=ðBþ CÞ, uses events that
fail either selection 1 or selection 2.

These cross-checks provide an important test of the
robustness of the background prediction and the assumption
that the three selection criteria are minimally correlated.
Differences between the predictions obtained with the nomi-
nal method and the cross-checks are also used to estimate the
systematic uncertainty in the background prediction.

TABLE II. The definition of the different regions used in the
background estimation.

Region Selection 1 Selection 2 Selection 3

A Fail Fail Fail
B Pass Fail Fail
C Fail Pass Fail
D Fail Fail Pass
E Fail Pass Pass
F Pass Fail Pass
G Pass Pass Fail
H Pass Pass Pass
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FIG. 2. Numbers of predicted and observed background events for the nominal background method and the three cross-checks in the
control region. Shown are the comparisons for likelihood discriminant thresholds of 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 (left); and for
thresholds of 0.95, 0.96, 0.97, 0.98, 0.99, and 0.9993 (right). The error bars represent the statistical uncertainties of the predictions and
the observations. The data points at different likelihood discriminant thresholds are correlated, since the events passing higher likelihood
discriminant thresholds also pass lower likelihood discriminant thresholds.
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The nominal background prediction and the cross-
checks are first tested with simulated QCD multijet events,
and are found to be robust against different numerical
values for the selection criteria. The method is also checked
in data by using a control region defined to be independent
to the signal region. This is achieved by inverting the
selection on the vertex track energy fraction in the dijet,
requiring this fraction to be less than 0.15. In addition, in
order to improve the statistical precision in the control
region, the following two requirements are relaxed relative
to the baseline selection:

(i) number of three-dimensional prompt tracks smaller
than 4; and

(ii) charged prompt energy fraction smaller than 0.4.
The nominal background prediction and cross-checks

are then tested in the control region for different threshold
values of the likelihood discriminant. The numbers of
predicted and observed background events for the nominal
background method and the three cross-checks in the
control region are summarized in Fig. 2 and Table III.
The p-value of each observation is computed based on
the lower-tail of a Poisson distribution convolved with a
normalized Gaussian function for statistical and systematic
uncertainties. The p-value is then converted to a Z-value
using the error function,

Z ¼
ffiffiffi

2

p
erf−1½2p − 1�; ð4Þ

which represents the observed significance, expressed as an
equivalent number of standard deviations. The Z-values are
also listed in the Table III for different threshold values
of the likelihood discriminant, where the magnitudes of the
Z-values are smaller than 1.5 standard deviations.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties considered include the
uncertainty in the background prediction, and the uncer-
tainties in the signal yields. The integrated luminosity

uncertainty for the 2016 13 TeV pp collision data recorded
by the CMS detector is determined to be 2.5% [59], and is
applied as a systematic uncertainty in the signal yields.
The systematic uncertainty in the background prediction

is taken to be the largest deviation from the nominal
background prediction (GðDþ Eþ FÞ=ðAþ Bþ CÞ) to
the three cross-checks described in Sec. V, and is found
to be 11% for the background yields in the signal region.
The signal efficiencies are calculated with simulated

signal samples. The uncertainty in the efficiency of the
online HT requirement for the trigger emulation is deter-
mined by measuring the efficiency with the events collected
with an isolated single-muon trigger. The deviation from
full efficiency as a function of offline HT for events above
the offlineHT threshold is taken as a correction and applied
to the signal samples. Half of each of the corrections for the
signal yields are taken as systematic uncertainties, and are
calculated for different masses and proper decay lengths.
The largest correction is 5%, thus a systematic uncertainty
of 2.5% is assigned for all the signal points.
The uncertainty in the efficiency of the online jet pT

requirement is obtained by comparing the per-jet efficiency
measured using the data collected with a prescaled HT
trigger that requires HT > 325 GeV, with the efficiency
determined from simulated multijet events. Above the
offline pT threshold, both efficiencies are close to 100%,
and the difference between them is negligible, thus no
corresponding systematic uncertainty is assigned.
Similarly, the uncertainty in the efficiency of the online

tracking requirement for the trigger emulation is obtained
by comparing the per-jet efficiency measured using the data
collected with the prescaled HT trigger with the efficiency
determined from simulated multijet events. The differences
in the efficiencies between data and simulation are para-
meterized as functions of the number of offline prompt and
displaced tracks, where the convention of “prompt” and
“displaced” follows the same definitions described in
Sec. III. The difference in the efficiencies is treated as a
bias for the probability of a single jet passing the online
tracking requirement, and is applied to the simulated signal
samples. The systematic uncertainty is then determined by
computing the variation of the efficiency for signal events
to have at least two jets passing the online tracking
requirement. The largest variation is 9%–10% for the
considered signal models in the studied mass-lifetime
range, which is taken as the corresponding systematic
uncertainty.
To estimate the uncertainty in the offline vertex

reconstruction, the events selected with the prescaled HT
trigger are utilized, from which dijet candidates are
reconstructed using the same vertex reconstruction pro-
cedure and the same jet kinematics selections as in the
offline analysis. We then compare the data with simulated
multijet events in the secondary vertex transverse decay
length and vertex track multiplicity distributions. We find

TABLE III. The predicted and observed background in the
control region for different likelihood discriminant thresholds.
The background predictions are shown together with their
statistical (first) and systematic (second) uncertainties (the sys-
tematic uncertainties in the background predictions are described
in Sec. VI). The observed significances are also shown in terms of
Z-values, and are smaller than 1.5 standard deviations.

Discriminant
threshold

Predicted
background

Observed
background Z-value

0.3 33.9� 3.3� 4.1 27 −0.80
0.5 22.8� 2.6� 4.6 21 −0.14
0.7 18.5� 2.3� 4.1 18 0.05
0.9 14.5� 2.0� 3.4 15 0.24
0.99 8.3� 1.5� 3.1 3 −1.12
0.9993 3.0� 0.9� 0.5 0 −1.40
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that the main inconsistency between data and multijet
simulation lies in the vertex track multiplicity. A reweight-
ing factor is therefore extracted as a function of the number
of tracks in the secondary vertex, and is interpreted as the
correction for the vertex survival probabilities. The cor-
rection is then applied to simulated signal samples vertex-
by-vertex, and the systematic uncertainty is obtained by
computing the variations of signal efficiencies after the
correction. The uncertainty is found to be 2%–15% for
different signal models in the tested mass-lifetime range.
The uncertainty in the track reconstruction is estimated

by studying the track impact parameter measurement in
the data and in the multijet simulation, using the events
selected with the prescaled HT trigger. The possible
mismodeling of the impact parameters is taken into account
by varying the impact parameters in the signal samples
by the same magnitude. The largest variation in the signal
efficiency is taken as the corresponding uncertainty, and is
found to be 14%–20% for different signal models.
The jet energy scale uncertainty is obtained by varying

the jet energy correction [41] by one standard deviation.
The resulting uncertainty is 2%–4% for the considered
signal models.
The uncertainty in the choice of PDF sets is estimated by

reweighting the signal events using NNPDF3.0, CT14 [60]
and MMHT14 [61] PDF sets, and their associated uncer-
tainty sets [62,63]. The uncertainty in signal efficiencies is
quantified by comparing the efficiencies calculated with
alternative PDF sets and the ones with the nominal NNPDF
set, and is found to be 4%–6% for the considered signal
models.
The uncertainty in the selection of the primary vertex is

estimated by replacing the leading primary vertex with the
subleading vertex when calculating impact parameters and
vertex displacement, where the primary vertices are ordered
based on their values of summed physics-object p2

T as
described in Sec. III. The resulting uncertainty in signal
efficiency is found to be 6%–15% for different signal
models in the tested mass-lifetime range.

A summary of different sources of systematic uncertain-
ties in the signal yields can be found in Table IV. For each
signal model, the largest variations due to each source
across the tested mass-lifetime points are taken as the
corresponding systematic uncertainties.

VII. RESULTS

A. Data in the signal region

We divide the signal region in bins ofHT and the number
of dijets passing the preselection criteria in order to gain
sensitivity to long-lived particles with different masses.
After applying all the selection criteria described in
Secs. IV and V, we observe one event in the data, in
accord with the total background prediction of 1.03�
0.19ðstatÞ � 0.11ðsystÞ events. This observed event has an
HT of 590 GeV; and yields a secondary vertex candidate,
with a transverse decay length of 3.5 cm and a track
multiplicity of 10. This is consistent with the presence of a
b quark jet, where the bottom hadron travels in the tracker
for an extremely long distance before it decays.
Table V shows the predicted background and observa-

tions in the different bins of the signal region, where the
sum of the predicted background in the four bins is
consistent with the total background prediction quoted
earlier. We find the observed yield is consistent with the
predicted background in all bins, and we use the results in
the four bins to set limits on a variety of models.

B. Interpretation of results

We set upper limits on the production cross section
versus mass or lifetime for a given model by computing the
95% confidence level (C.L.) associated with each signal
point according to the CLs prescription [64–67], using an
LHC-style profile likelihood ratio [66,67] as the test
statistics. The CLs values are calculated using the asymp-
totic approximation [66], and are verified with full-
frequentist results for representative signal points. The
signal yields in the four bins in Table V are utilized to

TABLE IV. Systematic uncertainties in the signal yields, for each signal model studied. The quoted values reflect
the largest variations due to each source for each signal model, in the studied range of masses and proper decay
lengths.

Source Jet-jet model g̃ → gG̃ g̃ → tbs t̃→ bl t̃ → d̄ d̄

Integrated luminosity 2.5% 2.5% 2.5% 2.5% 2.5%
Online HT requirement 2.5% 2.5% 2.5% 2.5% 2.5%
Online tracking requirement 9% 9% 9% 9% 10%
Offline vertexing 15% 2% 6% 5% 2%
Track impact parameter modeling 14% 16% 20% 10% 20%
Jet energy scale 4% 2% 2% 2% 2%
PDF 5% 6% 4% 5% 4%
Primary vertex selection 6% 10% 15% 8% 12%

Total 24% 22% 28% 18% 26%
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compute the CLs values, and the systematic uncertainties
are taken to be fully correlated across the four bins. The bin
where more than one dijet candidate passes the preselection
criteria usually brings most of the sensitivity in a given
model since it often has the largest signal efficiency.
Figure 3 presents the expected and observed upper limits

(at 95% C.L.) on the pair production cross section for
the jet-jet model at different scalar particle X masses and
proper decay lengths, assuming a 100% branching fraction.
The limits are most stringent for cτ0 between 3 and
100 mm. For smaller decay lengths, the limits become
less restrictive because of the vetoes on prompt activity.
Since the tracking efficiency decreases with larger dis-
placement, the limits also become less stringent for larger
decay lengths when cτ0 > 100 mm. Pair production cross
sections larger than 0.2 fb are excluded at high mass
(mX > 1000 GeV) for proper decay lengths between 3 and

130 mm. The lowest pair production cross section excluded
is 0.13 fb, at cτ0 ¼ 30 mm and long-lived particle mass
mX > 1000 GeV.
Figure 4 presents the expected and observed upper limits

on the pair production cross section of long-lived gluino in
the GMSB g̃ → gG̃ model, assuming a 100% branching
fraction for the gluino to decay into a gluon and a gravitino.
Although in the g̃ → gG̃ signature each displaced vertex is
associated with only one jet, the two separate displaced
single jets can be paired together and pass the selections,
therefore the analysis is sensitive to this kind of signature.
When the gluino mass is 2400 GeV, gluino pair production
cross sections larger than 0.25 fb are excluded for proper
decay lengths between 10 and 210 mm. When the proper
decay length cτ0 ¼ 1 mm, the upper limit is insensitive
to the gluino mass in the tested range since the signal
acceptance is mainly limited by the online prompt track
requirement in the displaced-jet trigger. The upper limits on
the pair production cross section are then translated into
upper limits on the gluino mass for different proper decay
lengths, based on a calculation at the next-to-leading
logarithmic accuracy matched to next-to-leading order
predictions (NLOþ NLL) of the gluino pair production
cross section at

ffiffiffi

s
p ¼ 13 TeV [68–72] in the limit where

all the other SUSY particles are much heavier and
decoupled. Gluino masses up to 2300 GeV are excluded
for proper decay lengths between 20 and 110 mm. The
bounds are the most stringent to date on this model in the
tested proper decay length range.
Figure 5 presents the expected and observed upper limits

on the pair production cross section of the long-lived gluino
in the RPV g̃ → tbs model, assuming a 100% branching
fraction for the gluino to decay to top, bottom, and strange
antiquarks. The upper limits on the pair production cross
section are translated into upper limits on the gluino mass
for different proper decay lengths, based on the NLOþ
NLL calculation of the gluino pair production cross section
at

ffiffiffi

s
p ¼ 13 TeV [68–72] in the limit where all the other

SUSY particles are much heavier and decoupled. Gluino
masses up to 2400 GeV are excluded for proper decay
lengths between 10 and 250 mm. The bounds are currently
the most stringent on this model for proper decay lengths
between 10 mm and 10 m. A comparison on this model
with the existing CMS search for displaced vertices within
the beam pipe [36] can be found in Fig. 8 of Appendix.

TABLE V. Summary of predicted and observed events in the signal region, for different HT and number of dijet
candidates values.

Selection on HT Number of dijets Expected Observed

400 < HT < 450 GeV 1 0.42� 0.14ðstatÞ � 0.01ðsystÞ 0
450 < HT < 550 GeV 1 0.23� 0.08ðstatÞ � 0.07ðsystÞ 0
HT > 550 GeV 1 0.19� 0.07ðstatÞ � 0.05ðsystÞ 1
� � � >1 0.16� 0.11ðstatÞ � 0.06ðsystÞ 0

1 10 210
3

10 410

 [mm]0τc

1−10

1

10

210

3
10

410

5
10

 [
fb

]
σ

 (13 TeV)-135.9 fb

CMS 95% CL upper limits

Jet-Jet model

Observed

Median expected

 = 50 GeVXm

 = 100 GeVXm

 = 300 GeVXm

 = 1000 GeVXm

FIG. 3. The expected and observed 95% C.L. upper limits on
the pair production cross section of the long-lived particle X,
assuming a 100% branching fraction for X to decay to a quark-
antiquark pair, shown at different particle X masses and proper
decay lengths for the jet-jet model. The solid (dashed) lines
represent the observed (median expected) limits. The shaded
bands represent the regions containing 68% of the distributions of
the expected limits under the background-only hypothesis.
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FIG. 4. Top: the expected and observed 95%C.L. upper limits on
the pair production cross section of the long-lived gluino, assuming
a 100%branching fraction for g̃ → gG̃ decays. The horizontal lines
indicate the NLOþ NLL gluino pair production cross sections for
mg̃ ¼ 2400 GeV and mg̃ ¼ 1600 GeV, as well as their variations
due to the uncertainties in the choices of renormalization scales,
factorization scales, and PDF sets. The solid (dashed) lines
represent the observed (median expected) limits, the bands show
the regions containing 68% of the distributions of the expected
limits under the background-only hypothesis.Bottom: the expected
and observed 95% C.L. limits for the long-lived gluino model in
the mass-lifetime plane, assuming a 100% branching fraction for
g̃ → gG̃ decays, based on the NLOþ NLL calculation of the
gluino pair production cross section at

ffiffiffi

s
p ¼ 13 TeV. The thick

solid black (dashed red) line represents the observed (median
expected) limits at 95% C.L. The thin black lines represent the
change in the observed limit due to the variation of the signal cross
sections within their theoretical uncertainties. The thin red lines
indicate the region containing 68% of the distribution of the
expected limits under the background-only hypothesis.
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FIG. 5. Top: the expected and observed 95%C.L. upper limits on
the pair production cross section of the long-lived gluino, assuming
a 100%branching fraction for g̃ → tbs decays. The horizontal lines
indicate the NLOþ NLL gluino pair production cross sections for
mg̃ ¼ 2400 GeV and mg̃ ¼ 1600 GeV, as well as their variations
due to the uncertainties in the choices of renormalization scales,
factorization scales, and PDF sets. The solid (dashed) lines
represent the observed (median expected) limits, the bands show
the regions containing 68% of the distributions of the expected
limits under the background-only hypothesis. Bottom: the expected
and observed 95%C.L. limits for the long-lived gluinomodel in the
mass-lifetime plane, assuming a 100% branching fraction for
g̃ → tbs decays, based on the NLOþ NLL calculation of the
gluino pair production cross section at
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s
p ¼ 13 TeV. The thick

solid black (dashed red) line represents the observed (median
expected) limits at 95% C.L. The thin black lines represent the
change in the observed limit due to the variation of the signal cross
sections within their theoretical uncertainties. The thin red lines
indicate the region containing 68% of the distributions of the
expected limits under the background-only hypothesis.
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FIG. 6. Top: the expected and observed 95%C.L. upper limits on
the pair production cross section of the long-lived top squark,
assuming a 100% branching fraction for t̃ → bl decays. The
horizontal lines indicate the NLOþ NLL top squark pair produc-
tion cross sections for mt̃ ¼ 1600 GeV and mt̃ ¼ 1000 GeV, as
well as their variations due to the uncertainties in the choices of
renormalization scales, factorization scales, and PDF sets. The solid
(dashed) lines represent the observed (median expected) limits, the
bands show the regions containing 68% of the distributions of
the expected limits under the background-only hypothesis. Bottom:
the expected and observed 95% limits for the long-lived top squark
model in the mass-lifetime plane, assuming a 100% branching
fraction for t̃→ bl decays, based on the NLOþ NLL calculation
of the top squark pair production cross section at

ffiffiffi

s
p ¼ 13 TeV.

The thick solid black (dashed red) line represents the observed
(median expected) limits at 95%C.L. The thin black lines represent
the change in the observed limit due to the variation of the signal
cross sections within their theoretical uncertainties. The thin red
lines indicate the region containing 68% of the distributions of the
expected limits under the background-only hypothesis.
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FIG. 7. Top: the expected and observed 95%C.L. upper limits on
the pair production cross section of the long-lived top squark,
assuming a 100% branching fraction for t̃ → d̄ d̄ decays. The
horizontal lines indicate the NLOþ NLL top squark pair produc-
tion cross sections for mt̃ ¼ 1600 GeV and mt̃ ¼ 1000 GeV, as
well as their variations due to the uncertainties in the choices of
renormalization scales, factorization scales, and PDF sets. The solid
(dashed) lines represent the observed (median expected) limits, the
bands show the regions containing 68% of the distributions of
the expected limits under the background-only hypothesis. Bottom:
the expected and observed 95% limits for the long-lived top squark
model in the mass-lifetime plane, assuming a 100% branching
fraction for t̃ → d̄ d̄ decays, basedonanNLOþ NLLcalculation of
the top squark pair production cross section at

ffiffiffi

s
p ¼ 13 TeV. The

thick solid black (dashed red) line represents the observed (median
expected) limits at 95% C.L. The thin black lines represent the
change in the observed limit due to the variation of the signal cross
sections within their theoretical uncertainties. The thin red lines
indicate the region containing 68% of the distribution of the
expected limits under the background-only hypothesis.
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Figure 6 presents the expected and observed upper limits
on the pair production cross section of the long-lived top
squark in the RPV t̃ → bl model, assuming a 100%
branching fraction for the top squark to decay to a bottom
quark and a charged lepton. The upper limits on the pair
production cross section are then translated into upper limits
on the top squark mass for different proper decay lengths,
based on an NLOþ NLL calculation of the top squark pair
production cross section at

ffiffiffi

s
p ¼ 13 TeV [68–72] in the

limit where all the other SUSY particles are much heavier
and decoupled. Top squark masses up to 1350 GeV are
excluded for proper decay lengths between 7 and 110 mm.
The bounds are currently the most stringent on this model for
proper decay lengths between 3 mm and 1 m.
Figure 7 presents the expected and observed upper limits

on the pair production cross section of the long-lived top
squark in the dRPV t̃ → d̄ d̄ model, assuming a 100%
branching fraction for the top squark to decay to two down
antiquarks. The upper limits on the pair production cross
section are translated into upper limits on the top squark
mass for different proper decay lengths assuming a 100%
branching fraction, based on the NLOþ NLL calculation
of the top squark pair production cross section at

ffiffiffi

s
p ¼

13 TeV [68–72] in the limit where all the other SUSY
particles are much heavier and decoupled. Top squark
masses up to 1600 GeV are excluded for proper decay
lengths between 10 and 100 mm. The bounds are currently
the most stringent on this model for proper decay lengths
between 10 mm and 10 m. A comparison on this model
with the existing CMS search for displaced vertices within
the beam pipe [36] can be found in Fig. 8 of Appendix.

VIII. SUMMARY

A search for long-lived particles decaying to jets is
presented, based on proton-proton collision data collected
with the CMS experiment at a center-of-mass energy of
13 TeV in 2016, corresponding to an integrated luminosity
of 35.9 fb−1. The analysis utilizes a dedicated trigger to
capture events with displaced-jet signatures, and exploits
jet, track, and secondary vertex information to discriminate
displaced-jet candidate events from those produced by
the standard model and instrumental backgrounds. The
observed yields in data are in agreement with the back-
ground predictions. For a variety of models, we set the best
limits to date for long-lived particles with proper decay
lengths approximately between 5 mm and 10 m. Upper
limits are set at 95% confidence level on the pair production
cross section of long-lived neutral particles decaying to two
jets, for different masses and proper lifetimes, and are as
low as 0.2 fb at high mass (mX > 1000 GeV) for proper
decay lengths between 3 and 130 mm. A supersymmetric
(SUSY) model with gauge-mediated supersymmetry break-
ing (GMSB) is also tested, in which the long-lived gluino
can decay to one jet and a lightest SUSY particle. Upper
limits are set on the pair production cross section of the

gluino with different masses and proper decay lengths cτ0.
Pair-produced long-lived gluinos lighter than 2300 GeVare
excluded for proper decay lengths between 20 and 110 mm.
For an R-parity violating (RPV) SUSY model, where the
long-lived gluino can decay to top, bottom, and strange
antiquarks, pair-produced gluinos lighter than 2400 GeV
are excluded for decay lengths between 10 and 250 mm.
For a second RPV SUSY model, in which the long-lived
top squark can decay to one bottom quark and a charged
lepton, pair-produced long-lived top squarks lighter than
1350 GeV are excluded for decay lengths between 7 and
110 mm. For another RPV SUSY model where the long-
lived top squark decays to two down antiquarks, pair-
produced long-lived top squarks lighter than 1600 GeVare
excluded for decay lengths between 10 and 110 mm. These
are the most stringent limits to date on these models.
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APPENDIX: SUPPLEMENTAL INFORMATION

Tables VI–X summarize the signal efficiencies for repre-
sentative signal points in jet-jet, g̃ → gG̃, g̃ → tbs, t̃ → bl,
and t̃ → d̄ d̄ models. Figure 8 shows the comparison with
the search for displaced vertices in multijet events at

ffiffiffi

s
p ¼

13 TeV with the CMS detector [36], for g̃ → tbs and
t̃ → d̄ d̄ models.

TABLE VI. Signal efficiencies (in %) for the jet-jet model at different proper decay lengths cτ0 and different masses mX. Selection
requirements are cumulative from the first row to the last. Uncertainties are statistical only.

cτ0

Efficiency (%) mX (GeV) 1 mm 10 mm 100 mm 1000 mm

Trigger 1000 20.32� 0.45 82.96� 0.91 64.58� 0.80 12.94� 0.36
Preselection 17.99� 0.42 80.54� 0.90 61.40� 0.78 11.29� 0.34
Final selection 9.69� 0.31 57.23� 0.76 44.86� 0.67 7.79� 0.28

Trigger 300 18.86� 0.43 69.00� 0.83 42.44� 0.65 6.27� 0.25
Preselection 14.22� 0.37 60.94� 0.78 36.53� 0.60 4.83� 0.22
Final selection 6.98� 0.26 39.51� 0.63 22.0� 0.47 2.82� 0.17

Trigger 100 3.10� 0.10 10.3� 0.18 4.91� 0.13 0.50� 0.04
Preselection 2.13� 0.08 7.91� 0.16 3.48� 0.11 0.34� 0.03
Final selection 0.92� 0.06 4.41� 0.12 1.64� 0.07 0.17� 0.02

TABLE VII. Signal efficiencies (in %) for pair produced long-lived gluinos decaying to a gluon and a gravitino at different proper
decay lengths cτ0 and different gluino masses mg̃. Selection requirements are cumulative from the first row to the last. Uncertainties are
statistical only.

cτ0

Efficiency (%) mg̃ (GeV) 1 mm 10 mm 100 mm 1000 mm

Trigger 2400 6.58� 0.12 62.49� 0.35 75.45� 0.39 27.55� 0.25
Preselection 4.80� 0.10 57.62� 0.34 68.36� 0.37 22.58� 0.21
Final selection 2.02� 0.06 31.73� 0.25 43.45� 0.29 14.18� 0.17

Trigger 1800 7.43� 0.12 61.48� 0.35 70.12� 0.37 22.31� 0.21
Preselection 5.56� 0.11 56.05� 0.33 62.05� 0.35 18.05� 0.19
Final selection 2.19� 0.07 29.91� 0.24 37.73� 0.27 10.88� 0.15

Trigger 1000 7.42� 0.13 55.92� 0.34 57.58� 0.34 13.71� 0.16
Preselection 5.47� 0.11 48.55� 0.31 47.13� 0.31 10.52� 0.15
Final selection 1.96� 0.06 23.48� 0.22 25.78� 0.23 5.52� 0.11
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TABLE VIII. Signal efficiencies (in %) for pair produced long-lived gluinos decaying to top, bottom and strange antiquarks at
different proper decay lengths cτ0 and different gluino masses mg̃. Selection requirements are cumulative from the first row to the last.
Uncertainties are statistical only.

cτ0

Efficiency (%) mg̃ (GeV) 1 mm 10 mm 100 mm 1000 mm

Trigger 2400 12.53� 0.41 80.30� 4.90 85.00� 1.10 33.83� 0.41
Preselection 10.48� 0.37 79.70� 4.88 84.57� 1.10 32.01� 0.40
Final selection 4.42� 0.24 51.04� 3.90 60.35� 0.93 21.55� 0.33

Trigger 1800 14.95� 0.28 78.94� 0.64 82.93� 0.65 28.81� 0.38
Preselection 10.48� 0.37 79.70� 4.88 84.57� 1.10 32.01� 0.40
Final selection 4.42� 0.24 51.04� 3.90 60.35� 0.93 21.55� 0.33

Trigger 1200 18.30� 0.30 78.32� 0.63 77.75� 0.63 23.39� 0.34
Preselection 15.21� 0.28 76.92� 0.62 76.94� 0.63 21.45� 0.33
Final selection 5.21� 0.16 43.01� 0.47 48.40� 0.50 12.03� 0.24

TABLE IX. Signal efficiencies (in %) for pair produced long-lived top squarks decaying to a bottom quark and a lepton at different
proper decay lengths cτ0 and different top squark masses mt̃. Selection requirements are cumulative from the first row to the last.
Uncertainties are statistical only.

cτ0

Efficiency (%) mt̃ (GeV) 1 mm 10 mm 100 mm 1000 mm

Trigger 1500 6.44� 0.19 48.12� 0.52 46.33� 0.53 12.02� 0.26
Preselection 3.79� 0.14 37.11� 0.45 32.39� 0.45 6.24� 0.19
Final selection 1.57� 0.09 20.53� 0.34 17.47� 0.33 3.02� 0.13

Trigger 1200 6.68� 0.09 46.25� 0.23 42.98� 0.21 8.71� 0.10
Preselection 4.34� 0.07 38.28� 0.21 33.62� 0.19 5.83� 0.08
Final selection 1.55� 0.04 18.41� 0.14 16.54� 0.14 2.63� 0.05

Trigger 600 6.99� 0.08 41.12� 0.21 32.65� 0.19 5.28� 0.08
Preselection 3.53� 0.06 29.69� 0.18 22.34� 0.16 3.06� 0.06
Final selection 0.88� 0.03 11.63� 0.11 8.71� 0.10 1.10� 0.03

TABLE X. Signal efficiencies (in %) for pair produced long-lived top squarks decaying to two down antiquarks at different proper
decay lengths cτ0 and different top squark massesmt̃. Selection requirements are cumulative from the first row to the last. Uncertainties
are statistical only.

cτ0

Efficiency (%) mt̃ (GeV) 1 mm 10 mm 100 mm 1000 mm

Trigger 1600 12.05� 0.25 74.66� 0.62 77.19� 0.98 24.03� 0.54
Preselection 10.27� 0.23 72.70� 0.61 75.01� 0.97 21.43� 0.51
Final selection 5.36� 0.16 48.75� 0.50 53.59� 0.81 14.65� 0.42

Trigger 1200 12.31� 0.25 73.74� 0.61 73.92� 0.61 20.26� 0.48
Preselection 10.46� 0.23 71.55� 0.60 71.36� 0.60 18.04� 0.45
Final selection 5.13� 0.16 48.04� 0.49 49.44� 0.50 12.27� 0.37

Trigger 600 12.02� 0.37 71.75� 0.89 67.03� 0.92 16.27� 0.29
Preselection 9.97� 0.33 69.08� 0.88 63.60� 0.89 14.38� 0.26
Final selection 4.90� 0.23 45.68� 0.71 42.61� 0.72 9.08� 0.21
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FIG. 8. Comparison with search for displaced vertices in multijet events at
ffiffiffi

s
p ¼ 13 TeV with the CMS detector [36] (referred to as

the CMS DV search) for g̃ → tbs (left) and t̃ → d̄ d̄ (right) models. The CMS DV search looks for a pair of displaced vertices within the
beam pipe. The observed limits obtained by the CMS DV search (purple curves) are overlaid with the limits obtained by the search
presented in this paper in the mass-lifetime plane, and are good complements for proper decay length cτ0 < 10 mm in these two signal
models.

SEARCH FOR LONG-LIVED PARTICLES DECAYING INTO … PHYS. REV. D 99, 032011 (2019)

032011-15



[22] Y. Cui and B. Shuve, Probing baryogenesis with displaced
vertices at the LHC, J. High Energy Phys. 02 (2015) 049.

[23] Z. Chacko, H.-S. Goh, and R. Harnik, Natural Electroweak
Breaking from a Mirror Symmetry, Phys. Rev. Lett. 96,
231802 (2006).

[24] D. Curtin and C. B. Verhaaren, Discovering uncolored
naturalness in exotic Higgs decays, J. High Energy Phys.
12 (2015) 072.

[25] H.-C. Cheng, S. Jung, E. Salvioni, and Y. Tsai, Exotic
quarks in twin Higgs models, J. High Energy Phys. 03
(2016) 074.

[26] CMS Collaboration, The CMS experiment at the CERN
LHC, J. Instrum. 3, S08004 (2008).

[27] ATLAS Collaboration, Search for long-lived, weakly inter-
acting particles that decay to displaced hadronic jets in
proton-proton collisions at

ffiffiffi

s
p ¼ 8 TeV with the ATLAS

detector, Phys. Rev. D 92, 012010 (2015).
[28] ATLAS Collaboration, Search for massive, long-lived par-

ticles using multitrack displaced vertices or displaced lepton
pairs in pp collisions at

ffiffiffi

s
p ¼ 8 TeV with the ATLAS

detector, Phys. Rev. D 92, 072004 (2015).
[29] CMS Collaboration, Search for long-lived neutral particles

decaying to quark-antiquark pairs in proton-proton colli-
sions at

ffiffiffi

s
p ¼ 8 TeV, Phys. Rev. D 91, 012007 (2015).

[30] CMS Collaboration, Search for Displaced Supersymmetry
in Events with an Electron and a Muon with Large Impact
Parameters, Phys. Rev. Lett. 114, 061801 (2015).

[31] CMS Collaboration, Search for R-parity violating
supersymmetry with displaced vertices in proton-proton
collisions at

ffiffiffi

s
p ¼ 8 TeV, Phys. Rev. D 95, 012009 (2017).

[32] LHCb Collaboration, Search for long-lived particles
decaying to jet pairs, Eur. Phys. J. C 75, 152 (2015).

[33] LHCb Collaboration, Search for Higgs-like bosons
decaying into long-lived exotic particles, Eur. Phys. J. C
76, 664 (2016).

[34] ATLAS Collaboration, Search for long-lived, massive par-
ticles in events with displaced vertices and missing trans-
verse momentum in

ffiffiffi

s
p ¼ 13 TeV pp collisions with the

ATLAS detector, Phys. Rev. D 97, 052012 (2018).
[35] CMS Collaboration, Search for new long-lived particles at

ffiffiffi

s
p ¼ 13 TeV, Phys. Lett. B 780, 432 (2018).

[36] CMS Collaboration, Search for long-lived particles with
displaced vertices in multijet events in proton-proton colli-
sions at

ffiffiffi

s
p ¼ 13 TeV, Phys. Rev. D 98, 092011 (2018).

[37] CMS Collaboration, Description and performance of track
and primary-vertex reconstruction with the CMS tracker, J.
Instrum. 9, P10009 (2014).

[38] CMS Collaboration, The CMS trigger system, J. Instrum.
12, P01020 (2017).

[39] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kT jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[40] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[41] CMS Collaboration, Jet energy scale and resolution in the
CMS experiment in pp collisions at 8 TeV, J. Instrum. 12,
P02014 (2017).

[42] CMS Collaboration, Technical proposal for the Phase-II
upgrade of the CMS detector, CMS Technical proposal
Reports No. CERN-LHCC-2015-010 and No. CMS-TDR-
15-02, CERN, 2015, https://cds.cern.ch/record/2020886.

[43] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.

[44] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[45] J. Alwall et al., Comparative study of various algorithms
for the merging of parton showers and matrix elements in
hadronic collisions, Eur. Phys. J. C 53, 473 (2008).

[46] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).

[47] R. D. Ball et al. (NNPDF Collaboration), Parton distributions
for the LHC Run II, J. High Energy Phys. 04 (2015) 040.

[48] C. Csaki, Y. Grossman, and B. Heidenreich, Minimal flavor
violation supersymmetry: A natural theory for R-parity
violation, Phys. Rev. D 85, 095009 (2012).

[49] P. W. Graham, D. E. Kaplan, S. Rajendran, and P. Saraswat,
Displaced supersymmetry, J. High Energy Phys. 07 (2012)
149.

[50] C. Csaki, E. Kuflik, and T. Volansky, Dynamical R-Parity
Violation, Phys. Rev. Lett. 112, 131801 (2014).

[51] C. Csaki, E. Kuflik, O. Slone, and T. Volansky, Models
of dynamical R-parity violation, J. High Energy Phys. 06
(2015) 045.

[52] C. Csaki, E. Kuflik, S. Lombardo, O. Slone, and T.
Volansky, Phenomenology of a long-lived LSP with
R-parity violation, J. High Energy Phys. 08 (2015) 016.

[53] R. D. Ball, V. Bertone, S. Carrazza, L. Del Debbio, S. Forte,
A. Guffanti, N. P. Hartland, and J. Rojo (NNPDF Collabo-
ration), Parton distributions with QED corrections, Nucl.
Phys. B877, 290 (2013).

[54] G. R. Farrar and P. Fayet, Bounds on R-hadron production
from calorimetry experiments, Phys. Lett. 79B, 442 (1978).

[55] M. Fairbairn, A. C. Kraan, D. A. Milstead, T. Sjostrand,
Peter Z. Skands, and T. Sloan, Stable massive particles at
colliders, Phys. Rep. 438, 1 (2007).

[56] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—a
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[57] R. Frühwirth, W. Waltenberger, and P. Vanlaer, Adaptive
vertex fitting, J. Phys. G 34, N343 (2007).

[58] S. C. Johnson, Hierarchical clustering schemes, Psychome-
trika 32, 241 (1967).

[59] CMS Collaboration, CMS luminosity measurements for the
2016 data taking period, CMS physics analysis summary
Report No. CMS-PAS-LUM-17-001, 2017, https://cds.cern
.ch/record/2257069.

[60] S. Dulat, T.-J. Hou, J. Gao, M. Guzzi, J. Huston, P.
Nadolsky, J. Pumplin, C. Schmidt, D. Stump, and C. P.
Yuan, New parton distribution functions from a global
analysis of quantum chromodynamics, Phys. Rev. D 93,
033006 (2016).

[61] L. A. Harland-Lang, A. D. Martin, P. Motylinski, and R. S.
Thorne, Parton distributions in the LHC era: MMHT 2014
PDFs, Eur. Phys. J. C 75, 204 (2015).

A.M. SIRUNYAN et al. PHYS. REV. D 99, 032011 (2019)

032011-16



[62] J. Butterworth et al., PDF4LHC recommendations for LHC
Run II, J. Phys. G 43, 023001 (2016).

[63] A. Buckley, J. Ferrando, S. Lloyd, K. Nordström, B. Page,
M. Rüfenacht, M. Schönherr, and G. Watt, LHAPDF6:
parton density access in the LHC precision era, Eur. Phys. J.
C 75, 132 (2015).

[64] T. Junk, Confidence level computation for combining
searches with small statistics, Nucl. Instrum. Methods Phys.
Res., Sect. A 434, 435 (1999).

[65] A. L. Read, Presentation of search results: The CLs tech-
nique, advanced statistical techniques in particle physics.
proceedings, conference, Durham, UK, 2002, J. Phys. G 28,
2693 (2002).

[66] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); Erratum, Eur. Phys. J. C 73,
2501(E) 2013.

[67] ATLAS and CMS Collaborations, The LHC Higgs
Combination group, procedure for the LHC Higgs boson

search combination in Summer 2011, Technical Reports
No. CMS-NOTE-2011-005 and ATL-PHYS-PUB-2011-11,
2011, https://cds.cern.ch/record/1379837.

[68] W. Beenakker, R. Hopker, M. Spira, and P. M. Zerwas,
Squark and gluino production at hadron colliders, Nucl.
Phys. B492, 51 (1997).

[69] A. Kulesza and L. Motyka, Threshold Resummation for
Squark-Antisquark and Gluino-Pair Production at the LHC,
Phys. Rev. Lett. 102, 111802 (2009).

[70] A. Kulesza and L. Motyka, Soft gluon resummation for the
production of gluino-gluino and squark-antisquark pairs at
the LHC, Phys. Rev. D 80, 095004 (2009).

[71] W. Beenakker, S. Brensing, M. Kramer, A. Kulesza, E.
Laenen, L. Motyka, and I. Niessen, Squark and gluino
hadroproduction, Int. J. Mod. Phys. A 26, 2637 (2011).

[72] C. Borschensky, M. Krämer, A. Kulesza, M. Mangano, S.
Padhi, T. Plehn, and X. Portell, Squark and gluino pro-
duction cross sections in pp collisions at

ffiffiffi

s
p ¼ 13, 14, 33

and 100 TeV, Eur. Phys. J. C 74, 3174 (2014).

A.M. Sirunyan,1 A. Tumasyan,1 W. Adam,2 F. Ambrogi,2 E. Asilar,2 T. Bergauer,2 J. Brandstetter,2 M. Dragicevic,2 J. Erö,2

A. Escalante Del Valle,2 M. Flechl,2 R. Frühwirth,2,b V.M. Ghete,2 J. Hrubec,2 M. Jeitler,2,b N. Krammer,2 I. Krätschmer,2

D. Liko,2 T. Madlener,2 I. Mikulec,2 N. Rad,2 H. Rohringer,2 J. Schieck,2,b R. Schöfbeck,2 M. Spanring,2 D. Spitzbart,2

W. Waltenberger,2 J. Wittmann,2 C.-E. Wulz,2,b M. Zarucki,2 V. Chekhovsky,3 V. Mossolov,3 J. Suarez Gonzalez,3

E. A. De Wolf,4 D. Di Croce,4 X. Janssen,4 J. Lauwers,4 A. Lelek,4 M. Pieters,4 H. Van Haevermaet,4 P. Van Mechelen,4

N. Van Remortel,4 S. Abu Zeid,5 F. Blekman,5 J. D’Hondt,5 J. De Clercq,5 K. Deroover,5 G. Flouris,5 D. Lontkovskyi,5

S. Lowette,5 I. Marchesini,5 S. Moortgat,5 L. Moreels,5 Q. Python,5 K. Skovpen,5 S. Tavernier,5 W. Van Doninck,5

P. Van Mulders,5 I. Van Parijs,5 D. Beghin,6 B. Bilin,6 H. Brun,6 B. Clerbaux,6 G. De Lentdecker,6 H. Delannoy,6

B. Dorney,6 G. Fasanella,6 L. Favart,6 A. Grebenyuk,6 A. K. Kalsi,6 T. Lenzi,6 J. Luetic,6 N. Postiau,6 E. Starling,6

L. Thomas,6 C. Vander Velde,6 P. Vanlaer,6 D. Vannerom,6 Q. Wang,6 T. Cornelis,7 D. Dobur,7 A. Fagot,7 M. Gul,7

I. Khvastunov,7,c D. Poyraz,7 C. Roskas,7 D. Trocino,7 M. Tytgat,7 W. Verbeke,7 B. Vermassen,7 M. Vit,7 N. Zaganidis,7

H. Bakhshiansohi,8 O. Bondu,8 S. Brochet,8 G. Bruno,8 C. Caputo,8 P. David,8 C. Delaere,8 M. Delcourt,8 A. Giammanco,8

G. Krintiras,8 V. Lemaitre,8 A. Magitteri,8 K. Piotrzkowski,8 A. Saggio,8 M. Vidal Marono,8 P. Vischia,8 S. Wertz,8

J. Zobec,8 F. L. Alves,9 G. A. Alves,9 G. Correia Silva,9 C. Hensel,9 A. Moraes,9 M. E. Pol,9 P. Rebello Teles,9

E. Belchior Batista Das Chagas,10 W. Carvalho,10 J. Chinellato,10,d E. Coelho,10 E.M. Da Costa,10 G. G. Da Silveira,10,e

D. De Jesus Damiao,10 C. De Oliveira Martins,10 S. Fonseca De Souza,10 H. Malbouisson,10 D. Matos Figueiredo,10

M. Melo De Almeida,10 C. Mora Herrera,10 L. Mundim,10 H. Nogima,10 W. L. Prado Da Silva,10 L. J. Sanchez Rosas,10

A. Santoro,10 A. Sznajder,10 M. Thiel,10 E. J. Tonelli Manganote,10,d F. Torres Da Silva De Araujo,10 A. Vilela Pereira,10

S. Ahuja,11a C. A. Bernardes,11a L. Calligaris,11a T. R. Fernandez Perez Tomei,11a E. M. Gregores,11a,11b

P. G. Mercadante,11a,11b S. F. Novaes,11a Sandra S. Padula,11a A. Aleksandrov,12 R. Hadjiiska,12 P. Iaydjiev,12 A. Marinov,12

M. Misheva,12 M. Rodozov,12 M. Shopova,12 G. Sultanov,12 A. Dimitrov,13 L. Litov,13 B. Pavlov,13 P. Petkov,13 W. Fang,14,f

X. Gao,14,f L. Yuan,14 M. Ahmad,15 J. G. Bian,15 G.M. Chen,15 H. S. Chen,15 M. Chen,15 Y. Chen,15 C. H. Jiang,15

D. Leggat,15 H. Liao,15 Z. Liu,15 S. M. Shaheen,15,g A. Spiezia,15 J. Tao,15 E. Yazgan,15 H. Zhang,15 S. Zhang,15,g J. Zhao,15

Y. Ban,16 G. Chen,16 A. Levin,16 J. Li,16 L. Li,16 Q. Li,16 Y. Mao,16 S. J. Qian,16 D. Wang,16 Y. Wang,17 C. Avila,18

A. Cabrera,18 C. A. Carrillo Montoya,18 L. F. Chaparro Sierra,18 C. Florez,18 C. F. González Hernández,18

M. A. Segura Delgado,18 B. Courbon,19 N. Godinovic,19 D. Lelas,19 I. Puljak,19 T. Sculac,19 Z. Antunovic,20 M. Kovac,20

V. Brigljevic,21 D. Ferencek,21 K. Kadija,21 B. Mesic,21 M. Roguljic,21 A. Starodumov,21,h T. Susa,21 M.W. Ather,22

A. Attikis,22 M. Kolosova,22 G. Mavromanolakis,22 J. Mousa,22 C. Nicolaou,22 F. Ptochos,22 P. A. Razis,22

H. Rykaczewski,22 M. Finger,23,i M. Finger Jr.,23,i E. Ayala,24 E. Carrera Jarrin,25 S. Elgammal,26,j A. Mahrous,26,k

Y. Mohammed,26,l S. Bhowmik,27 A. Carvalho Antunes De Oliveira,27 R. K. Dewanjee,27 K. Ehataht,27 M. Kadastik,27

SEARCH FOR LONG-LIVED PARTICLES DECAYING INTO … PHYS. REV. D 99, 032011 (2019)

032011-17



M. Raidal,27 C. Veelken,27 P. Eerola,28 H. Kirschenmann,28 J. Pekkanen,28 M. Voutilainen,28 J. Havukainen,29

J. K. Heikkilä,29 T. Järvinen,29 V. Karimäki,29 R. Kinnunen,29 T. Lampén,29 K. Lassila-Perini,29 S. Laurila,29 S. Lehti,29

T. Lindén,29 P. Luukka,29 T. Mäenpää,29 H. Siikonen,29 E. Tuominen,29 J. Tuominiemi,29 T. Tuuva,30 M. Besancon,31

F. Couderc,31 M. Dejardin,31 D. Denegri,31 J. L. Faure,31 F. Ferri,31 S. Ganjour,31 A. Givernaud,31 P. Gras,31

G. Hamel de Monchenault,31 P. Jarry,31 C. Leloup,31 E. Locci,31 J. Malcles,31 G. Negro,31 J. Rander,31 A. Rosowsky,31

M. Ö. Sahin,31 M. Titov,31 A. Abdulsalam,32,m C. Amendola,32 I. Antropov,32 F. Beaudette,32 P. Busson,32 C. Charlot,32

R. Granier de Cassagnac,32 I. Kucher,32 A. Lobanov,32 J. Martin Blanco,32 C. Martin Perez,32 M. Nguyen,32 C. Ochando,32

G. Ortona,32 P. Paganini,32 J. Rembser,32 R. Salerno,32 J. B. Sauvan,32 Y. Sirois,32 A. G. Stahl Leiton,32 A. Zabi,32

A. Zghiche,32 J.-L. Agram,33,n J. Andrea,33 D. Bloch,33 J.-M. Brom,33 E. C. Chabert,33 V. Cherepanov,33 C. Collard,33
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G. Dissertori,119M. Dittmar,119M. Donegà,119 C. Dorfer,119 T. A. Gómez Espinosa,119 C. Grab,119D. Hits,119 T. Klijnsma,119

W. Lustermann,119 R. A. Manzoni,119 M. Marionneau,119 M. T. Meinhard,119 F. Micheli,119 P. Musella,119

F. Nessi-Tedaldi,119 F. Pauss,119 G. Perrin,119 L. Perrozzi,119 S. Pigazzini,119 C. Reissel,119 D. Ruini,119

D. A. Sanz Becerra,119 M. Schönenberger,119 L. Shchutska,119 V. R. Tavolaro,119 K. Theofilatos,119

M. L. Vesterbacka Olsson,119 R. Wallny,119 D. H. Zhu,119 T. K. Aarrestad,120 C. Amsler,120,yy D. Brzhechko,120

M. F. Canelli,120 A. De Cosa,120 R. Del Burgo,120 S. Donato,120 C. Galloni,120 T. Hreus,120 B. Kilminster,120 S. Leontsinis,120

I. Neutelings,120 G. Rauco,120 P. Robmann,120 D. Salerno,120 K. Schweiger,120 C. Seitz,120 Y. Takahashi,120 A. Zucchetta,120

T. H. Doan,121 R. Khurana,121 C.M. Kuo,121 W. Lin,121 A. Pozdnyakov,121 S. S. Yu,121 P. Chang,122 Y. Chao,122

K. F. Chen,122 P. H. Chen,122 W.-S. Hou,122 Y. F. Liu,122 R.-S. Lu,122 E. Paganis,122 A. Psallidas,122 A. Steen,122

B. Asavapibhop,123 N. Srimanobhas,123 N. Suwonjandee,123 A. Bat,124 F. Boran,124 S. Cerci,124,zz S. Damarseckin,124

Z. S. Demiroglu,124 F. Dolek,124 C. Dozen,124 I. Dumanoglu,124 G. Gokbulut,124 Y. Guler,124 E. Gurpinar,124 I. Hos,124,aaa

C. Isik,124 E. E. Kangal,124,bbb O. Kara,124 A. Kayis Topaksu,124 U. Kiminsu,124 M. Oglakci,124 G. Onengut,124

K. Ozdemir,124,ccc S. Ozturk,124,ddd D. Sunar Cerci,124,zz B. Tali,124,zz U. G. Tok,124 S. Turkcapar,124 I. S. Zorbakir,124

C. Zorbilmez,124 B. Isildak,125,eee G. Karapinar,125,fff M. Yalvac,125 M. Zeyrek,125 I. O. Atakisi,126 E. Gülmez,126

M. Kaya,126,ggg O. Kaya,126,hhh S. Ozkorucuklu,126,iii S. Tekten,126 E. A. Yetkin,126,jjj M. N. Agaras,127 A. Cakir,127

K. Cankocak,127 Y. Komurcu,127 S. Sen,127,kkk B. Grynyov,128 L. Levchuk,129 F. Ball,130 J. J. Brooke,130 D. Burns,130

E. Clement,130 D. Cussans,130 O. Davignon,130 H. Flacher,130 J. Goldstein,130 G. P. Heath,130 H. F. Heath,130 L. Kreczko,130

D.M. Newbold,130,lll S. Paramesvaran,130 B. Penning,130 T. Sakuma,130 D. Smith,130 V. J. Smith,130 J. Taylor,130

A. Titterton,130 K.W. Bell,131 A. Belyaev,131,mmm C. Brew,131 R.M. Brown,131 D. Cieri,131 D. J. A. Cockerill,131

J. A. Coughlan,131 K. Harder,131 S. Harper,131 J. Linacre,131 K. Manolopoulos,131 E. Olaiya,131 D. Petyt,131

C. H. Shepherd-Themistocleous,131 A. Thea,131 I. R. Tomalin,131 T. Williams,131 W. J. Womersley,131 R. Bainbridge,132

P. Bloch,132 J. Borg,132 S. Breeze,132 O. Buchmuller,132 A. Bundock,132 D. Colling,132 P. Dauncey,132 G. Davies,132

M. Della Negra,132 R. Di Maria,132 G. Hall,132 G. Iles,132 T. James,132 M. Komm,132 C. Laner,132 L. Lyons,132

A.-M. Magnan,132 S. Malik,132 A. Martelli,132 J. Nash,132,nnn A. Nikitenko,132,h V. Palladino,132 M. Pesaresi,132

D.M. Raymond,132 A. Richards,132 A. Rose,132 E. Scott,132 C. Seez,132 A. Shtipliyski,132 G. Singh,132 M. Stoye,132

T. Strebler,132 S. Summers,132 A. Tapper,132 K. Uchida,132 T. Virdee,132,q N. Wardle,132 D. Winterbottom,132 J. Wright,132

S. C. Zenz,132 J. E. Cole,133 P. R. Hobson,133 A. Khan,133 P. Kyberd,133 C. K. Mackay,133 A. Morton,133 I. D. Reid,133

L. Teodorescu,133 S. Zahid,133 K. Call,134 J. Dittmann,134 K. Hatakeyama,134 H. Liu,134 C. Madrid,134 B. McMaster,134

N. Pastika,134 C. Smith,134 R. Bartek,135 A. Dominguez,135 A. Buccilli,136 S. I. Cooper,136 C. Henderson,136 P. Rumerio,136

C. West,136 D. Arcaro,137 T. Bose,137 D. Gastler,137 S. Girgis,137 D. Pinna,137 C. Richardson,137 J. Rohlf,137 L. Sulak,137

D. Zou,137 G. Benelli,138 B. Burkle,138 X. Coubez,138 D. Cutts,138 M. Hadley,138 J. Hakala,138 U. Heintz,138

J. M. Hogan,138,ooo K. H.M. Kwok,138 E. Laird,138 G. Landsberg,138 J. Lee,138 Z. Mao,138 M. Narain,138 S. Sagir,138,ppp

R. Syarif,138 E. Usai,138 D. Yu,138 R. Band,139 C. Brainerd,139 R. Breedon,139 D. Burns,139

M. Calderon De La Barca Sanchez,139M. Chertok,139 J. Conway,139 R. Conway,139 P. T. Cox,139 R. Erbacher,139 C. Flores,139

G. Funk,139 W. Ko,139 O. Kukral,139 R. Lander,139 M. Mulhearn,139 D. Pellett,139 J. Pilot,139 S. Shalhout,139 M. Shi,139

D. Stolp,139 D. Taylor,139 K. Tos,139 M. Tripathi,139 Z. Wang,139 F. Zhang,139 M. Bachtis,140 C. Bravo,140 R. Cousins,140

A. Dasgupta,140 S. Erhan,140 A. Florent,140 J. Hauser,140 M. Ignatenko,140 N. Mccoll,140 S. Regnard,140 D. Saltzberg,140

C. Schnaible,140 V. Valuev,140 E. Bouvier,141 K. Burt,141 R. Clare,141 J. W. Gary,141 S. M. A. Ghiasi Shirazi,141 G. Hanson,141

G. Karapostoli,141 E. Kennedy,141 F. Lacroix,141 O. R. Long,141 M. Olmedo Negrete,141 M. I. Paneva,141 W. Si,141

L. Wang,141 H. Wei,141 S. Wimpenny,141 B. R. Yates,141 J. G. Branson,142 P. Chang,142 S. Cittolin,142 M. Derdzinski,142

R. Gerosa,142 D. Gilbert,142 B. Hashemi,142 A. Holzner,142 D. Klein,142 G. Kole,142 V. Krutelyov,142 J. Letts,142

M. Masciovecchio,142 S. May,142 D. Olivito,142 S. Padhi,142 M. Pieri,142 V. Sharma,142 M. Tadel,142 J. Wood,142

F. Würthwein,142 A. Yagil,142 G. Zevi Della Porta,142 N. Amin,143 R. Bhandari,143 C. Campagnari,143 M. Citron,143

V. Dutta,143 M. Franco Sevilla,143 L. Gouskos,143 R. Heller,143 J. Incandela,143 H. Mei,143 A. Ovcharova,143 H. Qu,143

J. Richman,143 D. Stuart,143 I. Suarez,143 S. Wang,143 J. Yoo,143D. Anderson,144 A. Bornheim,144 J. M. Lawhorn,144 N. Lu,144

H. B. Newman,144 T. Q. Nguyen,144 J. Pata,144 M. Spiropulu,144 J. R. Vlimant,144 R. Wilkinson,144 S. Xie,144 Z. Zhang,144

SEARCH FOR LONG-LIVED PARTICLES DECAYING INTO … PHYS. REV. D 99, 032011 (2019)

032011-21



R. Y. Zhu,144 M. B. Andrews,145 T. Ferguson,145 T. Mudholkar,145 M. Paulini,145 M. Sun,145 I. Vorobiev,145 M. Weinberg,145

J. P. Cumalat,146 W. T. Ford,146 F. Jensen,146 A. Johnson,146 E. MacDonald,146 T. Mulholland,146 R. Patel,146 A. Perloff,146

K. Stenson,146 K. A. Ulmer,146 S. R. Wagner,146 J. Alexander,147 J. Chaves,147 Y. Cheng,147 J. Chu,147 A. Datta,147

K. Mcdermott,147 N. Mirman,147 J. R. Patterson,147 D. Quach,147 A. Rinkevicius,147 A. Ryd,147 L. Skinnari,147 L. Soffi,147

S. M. Tan,147 Z. Tao,147 J. Thom,147 J. Tucker,147 P. Wittich,147 M. Zientek,147 S. Abdullin,148 M. Albrow,148 M. Alyari,148

G. Apollinari,148 A. Apresyan,148 A. Apyan,148 S. Banerjee,148 L. A. T. Bauerdick,148 A. Beretvas,148 J. Berryhill,148

P. C. Bhat,148 K. Burkett,148 J. N. Butler,148 A. Canepa,148 G. B. Cerati,148 H.W. K. Cheung,148 F. Chlebana,148

M. Cremonesi,148 J. Duarte,148 V. D. Elvira,148 J. Freeman,148 Z. Gecse,148 E. Gottschalk,148 L. Gray,148 D. Green,148

S. Grünendahl,148 O. Gutsche,148 J. Hanlon,148 R.M. Harris,148 S. Hasegawa,148 J. Hirschauer,148 Z. Hu,148 B. Jayatilaka,148

S. Jindariani,148 M. Johnson,148 U. Joshi,148 B. Klima,148 M. J. Kortelainen,148 B. Kreis,148 S. Lammel,148 D. Lincoln,148

R. Lipton,148 M. Liu,148 T. Liu,148 J. Lykken,148 K. Maeshima,148 J. M. Marraffino,148 D. Mason,148 P. McBride,148

P. Merkel,148 S. Mrenna,148 S. Nahn,148 V. O’Dell,148 K. Pedro,148 C. Pena,148 O. Prokofyev,148 G. Rakness,148 F. Ravera,148

A. Reinsvold,148 L. Ristori,148 A. Savoy-Navarro,148,qqq B. Schneider,148 E. Sexton-Kennedy,148 A. Soha,148

W. J. Spalding,148 L. Spiegel,148 S. Stoynev,148 J. Strait,148 N. Strobbe,148 L. Taylor,148 S. Tkaczyk,148 N. V. Tran,148

L. Uplegger,148 E.W. Vaandering,148 C. Vernieri,148M. Verzocchi,148 R. Vidal,148M.Wang,148H. A. Weber,148D. Acosta,149

P. Avery,149 P. Bortignon,149 D. Bourilkov,149 A. Brinkerhoff,149 L. Cadamuro,149 A. Carnes,149 D. Curry,149 R. D. Field,149

S. V. Gleyzer,149 B.M. Joshi,149 J. Konigsberg,149 A. Korytov,149 K. H. Lo,149 P. Ma,149 K. Matchev,149 G. Mitselmakher,149

D. Rosenzweig,149 K. Shi,149 D. Sperka,149 J. Wang,149 S. Wang,149 X. Zuo,149 Y. R. Joshi,150 S. Linn,150 A. Ackert,151

T. Adams,151 A. Askew,151 S. Hagopian,151 V. Hagopian,151 K. F. Johnson,151 T. Kolberg,151 G. Martinez,151 T. Perry,151

H. Prosper,151 A. Saha,151 C. Schiber,151 R. Yohay,151 M.M. Baarmand,152 V. Bhopatkar,152 S. Colafranceschi,152

M. Hohlmann,152 D. Noonan,152 M. Rahmani,152 T. Roy,152 M. Saunders,152 F. Yumiceva,152 M. R. Adams,153

L. Apanasevich,153 D. Berry,153 R. R. Betts,153 R. Cavanaugh,153 X. Chen,153 S. Dittmer,153 O. Evdokimov,153

C. E. Gerber,153 D. A. Hangal,153 D. J. Hofman,153 K. Jung,153 J. Kamin,153 C. Mills,153 M. B. Tonjes,153 N. Varelas,153

H. Wang,153 X. Wang,153 Z. Wu,153 J. Zhang,153 M. Alhusseini,154 B. Bilki,154,rrr W. Clarida,154 K. Dilsiz,154,sss S. Durgut,154

R. P. Gandrajula,154 M. Haytmyradov,154 V. Khristenko,154 J.-P. Merlo,154 A. Mestvirishvili,154 A. Moeller,154

J. Nachtman,154 H. Ogul,154,ttt Y. Onel,154 F. Ozok,154,uuu A. Penzo,154 C. Snyder,154 E. Tiras,154 J. Wetzel,154

B. Blumenfeld,155 A. Cocoros,155 N. Eminizer,155 D. Fehling,155 L. Feng,155 A. V. Gritsan,155 W. T. Hung,155

P. Maksimovic,155 J. Roskes,155 U. Sarica,155 M. Swartz,155 M. Xiao,155 A. Al-bataineh,156 P. Baringer,156 A. Bean,156

S. Boren,156 J. Bowen,156 A. Bylinkin,156 J. Castle,156 S. Khalil,156 A. Kropivnitskaya,156 D. Majumder,156 W. Mcbrayer,156

M. Murray,156 C. Rogan,156 S. Sanders,156 E. Schmitz,156 J. D. Tapia Takaki,156 Q. Wang,156 S. Duric,157 A. Ivanov,157

K. Kaadze,157 D. Kim,157 Y. Maravin,157 D. R. Mendis,157 T. Mitchell,157 A. Modak,157 A. Mohammadi,157 F. Rebassoo,158

D. Wright,158 A. Baden,159 O. Baron,159 A. Belloni,159 S. C. Eno,159 Y. Feng,159 C. Ferraioli,159 N. J. Hadley,159 S. Jabeen,159

G. Y. Jeng,159 R. G. Kellogg,159 J. Kunkle,159 A. C. Mignerey,159 S. Nabili,159 F. Ricci-Tam,159 M. Seidel,159 Y. H. Shin,159

A. Skuja,159 S. C. Tonwar,159 K. Wong,159 D. Abercrombie,160 B. Allen,160 V. Azzolini,160 A. Baty,160 R. Bi,160 S. Brandt,160

W. Busza,160 I. A. Cali,160 M. D’Alfonso,160 Z. Demiragli,160 G. Gomez Ceballos,160 M. Goncharov,160 P. Harris,160

D. Hsu,160 M. Hu,160 Y. Iiyama,160 G.M. Innocenti,160 M. Klute,160 D. Kovalskyi,160 Y.-J. Lee,160 P. D. Luckey,160

B. Maier,160 A. C. Marini,160 C. Mcginn,160 C. Mironov,160 S. Narayanan,160 X. Niu,160 C. Paus,160 D. Rankin,160

C. Roland,160 G. Roland,160 Z. Shi,160 G. S. F. Stephans,160 K. Sumorok,160 K. Tatar,160 D. Velicanu,160 J. Wang,160

T.W. Wang,160 B. Wyslouch,160 A. C. Benvenuti,161,a R.M. Chatterjee,161 A. Evans,161 P. Hansen,161 J. Hiltbrand,161

Sh. Jain,161 S. Kalafut,161 M. Krohn,161 Y. Kubota,161 Z. Lesko,161 J. Mans,161 R. Rusack,161 M. A. Wadud,161

J. G. Acosta,162 S. Oliveros,162 E. Avdeeva,163 K. Bloom,163 D. R. Claes,163 C. Fangmeier,163 F. Golf,163

R. Gonzalez Suarez,163 R. Kamalieddin,163 I. Kravchenko,163 J. Monroy,163 J. E. Siado,163 G. R. Snow,163 B. Stieger,163

A. Godshalk,164 C. Harrington,164 I. Iashvili,164 A. Kharchilava,164 C. Mclean,164 D. Nguyen,164 A. Parker,164

S. Rappoccio,164 B. Roozbahani,164 G. Alverson,165 E. Barberis,165 C. Freer,165 Y. Haddad,165 A. Hortiangtham,165

G. Madigan,165 D.M. Morse,165 T. Orimoto,165 A. Tishelman-charny,165 T. Wamorkar,165 B. Wang,165 A. Wisecarver,165

D. Wood,165 S. Bhattacharya,166 J. Bueghly,166 O. Charaf,166 T. Gunter,166 K. A. Hahn,166 N. Odell,166 M. H. Schmitt,166

K. Sung,166 M. Trovato,166 M. Velasco,166 R. Bucci,167 N. Dev,167 R. Goldouzian,167 M. Hildreth,167 K. Hurtado Anampa,167

C. Jessop,167 D. J. Karmgard,167 K. Lannon,167 W. Li,167 N. Loukas,167 N. Marinelli,167 F. Meng,167 C. Mueller,167

Y. Musienko,167,ll M. Planer,167 R. Ruchti,167 P. Siddireddy,167 G. Smith,167 S. Taroni,167 M. Wayne,167 A. Wightman,167

A.M. SIRUNYAN et al. PHYS. REV. D 99, 032011 (2019)

032011-22



M. Wolf,167 A. Woodard,167 J. Alimena,168 L. Antonelli,168 B. Bylsma,168 L. S. Durkin,168 S. Flowers,168 B. Francis,168

C. Hill,168 W. Ji,168 T. Y. Ling,168 W. Luo,168 B. L. Winer,168 S. Cooperstein,169 P. Elmer,169 J. Hardenbrook,169

N. Haubrich,169 S. Higginbotham,169 A. Kalogeropoulos,169 S. Kwan,169 D. Lange,169 M. T. Lucchini,169 J. Luo,169

D. Marlow,169 K. Mei,169 I. Ojalvo,169 J. Olsen,169 C. Palmer,169 P. Piroué,169 J. Salfeld-Nebgen,169 D. Stickland,169
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Institut de Physique Nucléaire de Lyon, Villeurbanne, France
36
Georgian Technical University, Tbilisi, Georgia

37
Tbilisi State University, Tbilisi, Georgia

38
RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany

39
RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

40
RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany

41
Deutsches Elektronen-Synchrotron, Hamburg, Germany

42
University of Hamburg, Hamburg, Germany

43
Karlsruher Institut fuer Technologie, Karlsruhe, Germany

44
Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi, Greece

45
National and Kapodistrian University of Athens, Athens, Greece

46
National Technical University of Athens, Athens, Greece

47
University of Ioánnina, Ioánnina, Greece

48
MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University,

Budapest, Hungary
49
Wigner Research Centre for Physics, Budapest, Hungary

50
Institute of Nuclear Research ATOMKI, Debrecen, Hungary

51
Institute of Physics, University of Debrecen, Debrecen, Hungary

52
Indian Institute of Science (IISc), Bangalore, India

53
National Institute of Science Education and Research, HBNI, Bhubaneswar, India

54
Panjab University, Chandigarh, India
55
University of Delhi, Delhi, India

56
Saha Institute of Nuclear Physics, HBNI, Kolkata, India
57
Indian Institute of Technology Madras, Madras, India
58
Bhabha Atomic Research Centre, Mumbai, India

59
Tata Institute of Fundamental Research-A, Mumbai, India

60
Tata Institute of Fundamental Research-B, Mumbai, India

61
Indian Institute of Science Education and Research (IISER), Pune, India
62
Institute for Research in Fundamental Sciences (IPM), Tehran, Iran

63
University College Dublin, Dublin, Ireland

64a
INFN Sezione di Bari, Bari, Italy
64b
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Università della Basilicata, Potenza, Italy
71d
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Università di Pavia, Pavia, Italy
74a
INFN Sezione di Perugia, Perugia, Italy
74b
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