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1 Introduction

Many extensions of the standard model (SM) predict the existence of neutral, weakly
coupled particles with long lifetimes. These long-lived particles (LLPs) naturally arise in
supersymmetry (SUSY), e.g., in models with gauge-mediated SUSY breaking (GMSB) [1-
3], split SUSY [4-9], SUSY with weak R-parity violation [10-13], and stealth SUSY [14, 15].
Other SM extensions also give rise to LLPs, including scenarios with hidden valleys [16—
18], baryogenesis triggered by weakly interacting massive particles [19-21], inelastic dark
matter [22], and twin Higgs mechanisms [23-25].

In this paper, we describe a search that focuses on LLPs that decay in the outer
regions of the CMS tracker or within the calorimeters forming a signature with jets that
are nearly trackless and out-of-time (delayed) with respect to the LHC collisions, hereafter



referred to as TD jets. This search uses a sample of proton-proton (pp) collisions collected
in 2016-2018 at /s = 13 TeV with the CMS detector at the CERN LHC, corresponding
to an integrated luminosity of 138 fb~t. Jets produced by LLP decays that occur in the
calorimeters or in the last few layers of the silicon tracker will have low track multiplicity
compared to prompt jets that originate directly from the primary collision point. For
simplicity, we will refer to such signal jets as trackless, though they may only be nearly
so. Additionally, these signal jets will exhibit significant time delays with respect to those
produced by SM backgrounds. The time delay arises from two different causes. The first
cause, which dominates for LLP masses below about 400 GeV, is that LLP decays occur at
macroscopic distances from the primary collision point, resulting in decay products that
traverse a longer path to reach the calorimeters. The second cause, which dominates for
LLP masses above about 600 GeV, is that high-mass LLPs travel measurably slower than
the speed of light. The properties of the tracks and electromagnetic calorimeter (ECAL)
hits associated with the jets are combined in a deep neural network (DNN) discriminator,
which is used to distinguish between jets from LLP decays and those from SM backgrounds.

The ATLAS and CMS Collaborations have previously searched for LLPs using jets
containing displaced tracks [26-30]. These searches rely on tracking information and thus
yield excellent sensitivity to LLPs with proper decay lengths (¢7), where 7 is the lifetime
of the LLP in its rest frame, below ~0.2m when the LLPs predominantly decay in the
silicon trackers. Conversely, searches using displaced vertices in the ATLAS muon spec-
trometer [31] and a search by the CMS experiment using localized regions with high hit
multiplicity in the muon system [32] result in excellent sensitivity to LLPs with ¢ above
1m. The search reported in this paper covers the intermediate cr range, 0.3-1.0m, and
extends a previous CMS search using delayed jets [33] down to the kinematic limit imposed
by the Higgs mass through the use of a dedicated TD jet tagger that makes optimal use of
the time delay and trackless features of the jet.

While this search is sensitive to many models predicting LLPs, we interpret its results
using a simplified model of GMSB chargino-neutralino production [34, 35]. The simpli-
fied model describes Higgsino-like charginos (ﬁc) and neutralinos ()Z(l), 923) All of them are
assumed to be nearly degenerate in mass, with 7~C(1) being the lightest of them. They are pro-
duced in pairs in the following combinations: %9, Xoxs, XoXs, and X1 %1 . Because of the
near mass-degeneracy, both 23 and %f decay to )Ng(l) and to other low transverse momentum
(pt) particles, leading to effective %(1) pair production. Each %[1) will subsequently decay to a
Higgs or Z boson and a gravitino (@r)7 which is the lightest SUSY particle, thus conserving
R-parity. The search focuses on hadronic decays of the Higgs or Z boson. Signal events
typically have large missing transverse momentum resulting from the momentum of the
gravitinos, which do not interact with the detector, or from the Lorentz boost of the neu-
tralino when the neutralino decays outside of the calorimeter volume. Feynman diagrams
of the effective neutralino pair production in the simplified model are shown in figure 1.

The rest of this paper is organized as follows. A brief description of the CMS detector
is given in section 2. Section 3 provides a summary of the various simulated samples used
in the analysis. The event reconstruction and selection are described in section 4, while
the DNN-based TD jet discriminator is discussed in section 5. The background estimation
and systematic uncertainties are detailed in sections 6 and 7, respectively. We report and



Figure 1. Feynman diagrams of the effective neutralino pair production in the GMSB simplified

model in which the two neutralinos decay into two gravitinos (G) and two Z bosons (left), a Z and
a Higgs boson (H) (center), or two Higgs bosons (right).

interpret the results in section 8. Finally, a summary is given in section 9. The detailed
results of this paper are found in the associated HEPData record [36].

2 The CMS detector

The central feature of the CMS detector 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 ECAL, and a brass and scintillator hadron
calorimeter (HCAL), each composed of a barrel and two endcap sections.

The ECAL consists of 75848 lead tungstate crystals, which cover |n| < 1.48 in the
barrel region and 1.48 < |n| < 3.00 in the two endcap regions. The excellent signal-to-
noise ratio and stable pulse shape of the ECAL sensors allow for timing measurements
with the best resolution achievable at very large energies of better than 100 ps per hit [37].
The HCAL is composed of cells of width 0.087 in 7 and azimuth (¢, in radians) for the
region |n| < 1.74, progressively increasing to a maximum of 0.174 for larger values of |n|,
along with the forward calorimeters extending the 7 coverage provided by the barrel and
endcap detectors. The outer tracker layers extend to a radial distance of 1.16 m in the
barrel; the front face of the ECAL crystals are located at a radial distance of 1.29 m, and
the crystals extend radially for 23 cm; and the HCAL covers the radial distances between
1.77 and 2.95 m. Muons are measured in the range |n| < 2.4, with detection planes embed-
ded in the steel flux-return yoke outside the solenoid and made using three technologies:
drift tubes (DTs), cathode strip chambers (CSCs), and resistive-plate chambers.

Events of interest are selected using a two-tiered trigger system. The first level, com-
posed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100kHz within a fixed latency of about
4 ps [38]. 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 1kHz before data storage [39]. A more detailed
description of the CMS detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in ref. [40].



3 Simulated samples

Several simulated event samples are used to model the signal and SM background processes,
and as training samples for the TD jet discriminator. Samples of top quark-antiquark pair
(tt) and single top quark events, W+jets and Z+jets (collectively called V+jets) events,
and events composed uniquely of jets produced through the strong interaction, referred to
as quantum chromodynamics (QCD) multijet events, are produced with the Monte Carlo
(MC) generator MADGRAPHS_aMC@NLO 2.2.2 [41] at leading-order (LO). Up to three
and four additional partons are considered in the matrix element (ME) calculations for
the generation of the V-+jets and top quark samples, respectively. The MLM jet matching
scheme [42, 43] is used. The background samples are normalized according to the most
precise cross section calculations available, typically corresponding to next-to-LO (NLO)
or next-to-NLO (NNLO) precision [41, 44-47].

The SUSY signal samples are generated at LO in perturbative QCD using the MAD-
GRAPH5__aMC@NLO 2.4.2 generator [41] with up to two additional partons in the final
state at the ME level, and using the MLM jet matching scheme. The corresponding cross
sections for effective %?f(? production, assuming nearly mass-degenerate Higgsino-like ﬁc,
28, and 7~C(1)7 are computed to NLO precision including next-to-leading logarithmic correc-
tions [48-55]. In the calculation, all SUSY particles other than X, %9, %), and G are
assumed to be too heavy to participate in the interaction. We follow the convention of real
mixing matrices and signed masses for the neutralinos and charginos [56] used in previous
CMS searches [57, 58].

For the simulated samples corresponding to the 2016 data-taking period, the
NNPDF v3.0 LO and NLO parton distribution functions (PDFs) [59, 60] are used for
samples generated at LO and NLO, respectively. For the simulated samples corresponding
to the 2017-2018 data-taking periods, the NNPDF v3.1 NNLO PDFs are used. The sim-
ulated events at the ME level are interfaced with PYTHIA 8.226 [61] or a later version to
simulate the shower and hadronization of partons, and the underlying event description.
The CUETP8M1 [62] and CP5 [63] tunes are used for the simulated samples corresponding
to the 2016 and 2017-2018 data-taking periods, respectively.

For all simulated samples, the detector response is modeled using a detailed descrip-
tion of the CMS detector based on GEANT4 [64]. Object and event reconstruction are
performed with the same algorithms as are used for the CMS data. Minimum bias events
are superimposed on each simulated hard scattering event to reproduce the effect of ex-
tra pp interactions within the same or neighboring bunch crossings as the recorded event
(pileup). Events are weighted such that the distribution of the number of interactions per
bunch crossing agrees with that observed during each data-taking period.

4 Event reconstruction and selection

The particle-flow (PF) algorithm [65] aims to reconstruct and identify each individual
particle in an event as an electron, photon, muon, charged or neutral hadron, with an
optimized combination of information from the various elements of the CMS detector.



These reconstructed particles are referred to as PF candidates. Photons are identified as
ECAL energy clusters not linked to the extrapolation of any charged particle trajectory
to the ECAL [66]. The energy of photons is obtained from the ECAL measurement.
Electrons are identified as a primary charged particle track and potentially many ECAL
energy clusters corresponding to this track extrapolation to the ECAL and to possible
bremsstrahlung photons emitted along the way through the tracker material [67, 68]. The
electron momentum is estimated by combining the energy measurement in the ECAL with
the momentum measurement in the tracker. Muons are identified as tracks in the central
tracker consistent with either a track or several hits in the muon system, and associated
with calorimeter deposits compatible with the muon hypothesis. Hadronically decaying <
leptons are reconstructed with the hadron-plus-strips (HPS) algorithm [69, 70] on the basis
of the number of tracks and of the number of ECAL strips in the n-¢ plane with energy
deposits, in the 1-prong, 1-prong + no, and 3-prong decay modes. A cut-based selection
based on isolation sums [70] is used to suppress the rate for quark- and gluon-initiated jets
to be misidentified as hadronic T candidates.

Charged hadrons are identified as charged particle tracks neither identified as electrons,
nor as muons. The energy of charged hadrons is determined from a combination of the track
momentum and the corresponding ECAL and HCAL energies, corrected for the response
function of the calorimeters to hadronic showers. Finally, neutral hadrons are identified as
HCAL energy clusters not linked to any charged hadron trajectory, or as a combined ECAL
and HCAL energy excess with respect to the expected charged hadron energy deposit. The
energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL
energies.

For each event, hadronic jets are clustered from PF candidates using the infrared- and
collinear-safe anti-kp algorithm [71, 72] with a distance parameter of 0.4. The jet mo-
mentum is determined as the vector 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 pp
spectrum and detector acceptance. Although charged particles resulting from LLP decays
that occur farther from the interaction point may be misidentified as neutral PF candi-
dates, their contribution to the jet energy scale and resolution is correctly accounted for
on average. Pileup interactions can produce additional tracks and calorimetric energy de-
positions, increasing the apparent jet momentum. To mitigate this effect, tracks consistent
with pileup vertices are discarded and an offset correction is applied to correct for remain-
ing contributions. We have verified that this pileup mitigation procedure does not reduce
the signal efficiency. Jet energy corrections are derived from simulation studies so that the
average measured energy of jets becomes identical to that of particle level jets. In situ
measurements of the momentum balance in dijet, photon+jet, Z+jet, and multijet events
are used to determine any residual differences between the jet energy scale in data and in
simulation, and appropriate corrections are made [73]. Using Z+jet events, we verified that
these jet energy corrections, as well as their uncertainties, remain accurate when applied
to jets with high scores of the TD jet tagger. The jet energy resolution amounts typically
to 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1TeV [73].



The vector pp 55 g computed as the negative vector pr sum of all the PF candidates in

an event, and its magnitude is denoted as pf** [74]. The primary vertex (PV) 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. [75].

4.1 Jet time reconstruction

Jets from signal events arrive at the ECAL later than particles produced at the PV by
1-10ns, depending on the LLP mass. Therefore, measuring the jet time delay with respect
to a particle produced at the PV and traveling at the speed of light helps to discriminate
between signal and background. The time of arrival of a jet at the ECAL, tgcag, is
calculated based on an energy-weighted sum of the arrival times reconstructed from the
signal pulses in each ECAL crystal associated with the jet
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where tiEC AL and EwiEC AL are the timestamp and reconstructed energy of the signal pulse in
crystal i, respectively, and Ngyyga1 is the number of crystals associated with the jet. Details
of the ECAL time reconstruction algorithm and performance can be found in ref. [76].
Accounting for clock jitter, collision beam spot size, and time-dependent calibration effects,
the effective jet time resolution is ~ 400-600 ps for jets with pp ranging from 30-150 GeV.
During collisions, there are variations in the clock signal distribution between different
regions of the ECAL and different LHC fills, which are corrected using special calibration
data, but these corrections may be imperfect. As a result, there may be a degradation in
the time resolution for jets [77]. We validate and correct, where necessary, the simulated
prediction of the jet time mean and resolution using a pure sample of b-tagged jets from
dilepton tt events. The high purity of the b-tagged jets from the dilepton tt sample
ensures that the jet time measurement is not contaminated by pileup jets, which have a
different timing response. We apply a Gaussian smearing procedure [73]: the jet time
in the tt simulation sample is multiplied by a random number drawn from a Gaussian
distribution. We determine the Gaussian mean and standard deviation parameters that
minimize the X2 test statistic [78] calculated between the data and the simulation-based
prediction. The same jet time correction is also applied to the signal simulation, and the
correction uncertainties are propagated to the TD jet tagger efficiency. The systematic
uncertainties in the signal yield resulting from the time correction range from 3 to 18%,
generally increasing with decreasing )Z(l) mass.

4.2 Event selection

Events for this search are collected with a trigger requiring pp™ > 120 GeV [39] when
reconstructed online. We define a preselection by requiring events to have pt™ > 200 GeV
when reconstructed offline, which ensures a trigger selection efficiency above 99%. Back-
ground events can occur because of mismeasurement of high-pt jets, which results in the

alignment of the ¢ coordinates of ™ and the nearby mismeasured jet. The A, is



defined as the ¢ angle between pi'** and the closest jet with pp > 30 GeV. For the QCD
multijet background, the Ad,,;, distribution is predominantly near zero, while for signal
events the distribution is more uniform because the p'=™ results from the G escaping the
detector rather than any of the jets being mismeasured. We select events with A¢,,;, > 0.5,
reducing the QCD multijet background by one order of magnitude while retaining 70-85%
of the signal events.

The main tool used in this analysis to differentiate between signal and background is
the TD jet tagger, discussed in section 5. We consider jets with pp > 30 GeV and |n| < 1.0,
and count the number of jets that pass the TD jet tagger selection defined in section 5. Jets
in the barrel region of the detector with |n| between 1.00-1.48 are not considered because
the rate of background jets passing the TD jet tagger selection is significantly larger due
to higher tracking inefficiency in this region. To ensure that jets primarily composed of
nonisolated muons, electrons, or photons are not misidentified as TD-tagged jets, we veto
any jet with the energy fractions of these particles larger than 0.6, 0.6, or 0.8, respectively.
In addition, jets that are within AR = V/(A¢)* + (An)? = 0.4 of any identified and isolated
muon, electron, or photon are also not considered.

To suppress background from W-jets and tt, we reject any event with an identified
and isolated muon, electron, or hadronically decaying tau candidate. The number of TD-
tagged jets (Nppj) is used to define the different data samples used in the analysis. The
signal region (SR) is defined as one comprising events with Nppj; > 2. To estimate the
background in the SR, a background-enriched control region (CR) that comprises events
with exactly one TD-tagged jet is used. Events with zero TD-tagged jets are also expected
to arise primarily from background processes and are used to validate the background
estimation method, as described in section 6. Because of the large background suppression
factor exceeding 10% from the presence of each additional TD-tagged jet, the impact of
signal contamination in the zero and one TD-tagged jet region on the analysis sensitivity
was found to be less than 1%.

4.3 Cosmic ray muon and beam halo vetoes

Noncollision backgrounds from cosmic ray muons or beam halo particles are typically track-
less because their trajectories do not coincide with the luminous region known as the beam
spot, which the track reconstruction algorithm assumes to be the origin of particle trajec-
tories [79]. Because we require at least two TD-tagged jets, these noncollision backgrounds
only enter the SR if the particles are oriented in specific ways. Given the specific trajectory
configurations required, such backgrounds are rare. To suppress them to negligible levels,
we use particular features of such events to veto them.

Collisions between beam protons and an upstream collimator can result in beam halo
particles that pass through the calorimeter volume parallel to the beam axis. These beam
halo particles may induce localized energy deposits in the calorimeters causing delayed
signals that are misreconstructed as multiple jets with nearly equal ¢ coordinates [74]. In
addition, such jets tend to have a very small number of ECAL hits. Therefore, we veto
events in which the two TD-tagged jets have |A¢| < 0.05 and at least one of the two jets has
10 or fewer ECAL hits. This veto has a signal efficiency between 98 and 100% depending on



the signal mass and c¢7. Events are also rejected by the so-called CSC beam halo filter [74]
if they contain reconstructed tracks parallel to the beam axis using segments in the CSCs.
Events containing a cosmic ray muon can enter the SR if the muon traverses the
calorimeter volume without passing through the tracker, producing localized energy de-
posits that can give rise to multiple apparent jets that are delayed in time. Cosmic ray
muon background events can be identified by the presence of track segments in the DT
muon detector planes, which lie on a line with the calorimeter hits comprising the jets. Seg-
ments are clustered with a density-based algorithm [80] and a minimum distance parameter
of 1.4 m, and segments from at least three different sets of DT muon detector planes are re-
quired in each cluster. If two or more DT segment clusters are found, the geometric centroid
positions of the two clusters closest to the calorimeter hits of the jets in the z coordinate
are used to define a line. If the distance of closest approach from the centroid of the ECAL
hits to the line is less than 0.5 m, then the event is interpreted as a cosmic ray muon event
and rejected from the SR and CRs. This veto has a signal efficiency larger than 99.9%.

5 Trackless delayed jet tagger

Jets produced by LLPs that decay in the outer region of the CMS tracking volume or inside
the calorimeters tend to be trackless and delayed in time, features that are not exhibited by
SM backgrounds. We trained a DNN to optimally exploit these features for discriminating
between TD and SM jets.

The TD jet tagger is based on information from tracks, PF candidates, and calorimeter
hits associated with the jet, expressed as 22 input features. The tracking-related observ-
ables we use include the number of and scalar pp sum of tracks in the jet, the scalar pp
sum of tracks matched to the PV in the jet, the minimum AR values between the jet axis
and any track as well as between the jet axis and any track associated with the PV, and
three variables sensitive to pileup: aax, Bmax, a0d Ymax- Lhese variables are defined as

trk trk trk
_ MaX¢rkgjetnPV PT _ MaX¢rkgjetnPV PT _ MaX¢rkegjetnPV PT 51
Omax = trk 7/Bmax - jet » Ymax = Ejet ) ( . )
Ztrkejet pr pJT

where trk € jet N PV denotes the track that belongs to the jet and is associated with the
PV, trk € jet denotes the track that belongs to the jet, ptTrk is the track pr, and pjft and
E*" are the jet pr and energy, respectively. The energy fractions associated with hadrons,
electrons, and photons, and the number of PF candidate constituents of the jet are also
used as inputs to the TD jet tagger. Finally, several variables calculated using ECAL hits
associated with the jet are used: the number of ECAL hits in the jet, the ratio of the
energy sum of all ECAL hits in the jet to Ejet, the jet time calculated as in eq. (4.1), the
semi-major and semi-minor axes of the ECAL hits in the jet [37], and the fragmentation
function. The latter is a function that describes how the ECAL hits contribute to the jet
energy considering their multiplicity [81]. Jets from signal LLP decays tend to have low
values of Qaxs Bmaxs Ymax, charged energy fraction, semi-major and semi-minor axes, and
the fragmentation function, and large values of AR between the jet axis and tracks. The
charged and neutral energy fractions are lower and higher, respectively, for signal jets than



for background jets not because the jet composition is different, but rather because the PF
algorithm misidentifies the particle types because of reduced tracking efficiency for charged
particles produced at large displacement.

Simulation samples are used to train and evaluate the performance of the DNN. The
signal sample consists of GMSB signal events with a 7~C(1) mass of 400 GeV and c7 of 1m.
These events are used only for training or evaluating the performance of the DNN and
are not used to predict the signal yields for the final statistical analysis. This )Nc(l) mass
was chosen for the training sample because our search targets the low-mass range starting
from the kinematic limit imposed by the Higgs boson mass, where previous searches have
limited sensitivity. In signal events, the Higgs or Z boson, produced by the decay of the
LLP, subsequently decays to a pair of partons that can each be reconstructed as a displaced
jet. Such jets are labeled as signal jets if they geometrically coincide with a parton that
originates from LLP decays that occur between the last layers of the tracker and the outer
surface of the HCAL (decay radii between 0.30 and 1.84m). Jets are required to have
In| < 1.48 to be included in the training sample. This selection is further restricted to
In| < 1 in the search to improve the final signal-to-background ratio as the background
increases in the higher n range because of tracking inefficiencies. Background samples
consist of a mixture of QCD multijet, W-jets, Z(VvV)+jets, and tt events weighted in
proportion to their production cross sections. The signal and background samples obtained
after applying the selections described in section 4.2 contain 0.3 and 2.2 million events,
respectively. The samples are split into training, validation, and testing sets, accounting
for 40, 10, and 50% of the full set, respectively. The validation set is used to evaluate the
training process and monitor for overfitting, while the testing set is used to measure the
final performance after training. We show comparisons between the simulation prediction
and the observed data distributions for a few key input variables to the TD jet tagger in
appendix A, confirming that the simulation provides an accurate description.

A fully connected DNN architecture was developed with machine learning software
frameworks KERAS [82] and TENSORFLOW [83]. The network architecture consists of four
fully connected hidden layers, with 64, 32, 16, and 8 nodes, respectively, and an output layer
with two nodes, corresponding to the two classes, signal and SM background. Rectified
linear unit [84, 85] activation functions are used in the hidden layers, while a softmax activa-
tion function [86, 87] is applied to the output layer, and a 10% dropout rate [88] is applied to
all layers to prevent overfitting. We use a batch size of 512, categorical cross entropy as the
loss function, and the Adam optimizer [89] with an initial learning rate of 102, Training
is performed for up to 1000 epochs, or cycles, over the full training set. Early stopping is
applied to mitigate overfitting: after each epoch, the loss function is evaluated on the valida-
tion set and the training process is interrupted if after 100 successive epochs, the validation
loss has not decreased. The model corresponding to the smallest validation loss is used.

The most impactful input variables are the charged and neutral hadron energy frac-
tions, the number of track constituents in the jet, the AR between the jet axis and the
closest track associated with the PV, and the jet time. Their distributions for signal and
collision background events are shown in figure 2. Noncollision backgrounds are not in-
cluded. The distribution of the TD jet tagger score for the testing set is shown in figure 3



(left), demonstrating the excellent discrimination of the tagger. The identification proba-
bility for the signal versus the misidentification probability for the background is shown in
figure 3 (right). In the search, jets are tagged as signal if the TD jet tagger score is larger
than 0.996, chosen to yield the best signal sensitivity. The signal efficiency of the TD jet
tagger is shown in figure 4 as a function of the transverse decay length in the lab frame,
and on average the background efficiency is about 4 x 1074 per candidate jet.

5.1 Signal efficiency modeling

The input features of the TD jet tagger making the largest contributions to the signal-to-
background discrimination are those related to the trackless nature of signal jets. For these
features, the simulation has not yet been extensively validated. To perform this validation
and measure the accuracy of the simulation for the TD jet tagger signal efficiency, we use
either photons or electrons as proxy objects to represent the LLP decays that occur in the
outer tracking or calorimeter volume. Photons, or electrons with their own tracks removed
from consideration, are the best approximations to trackless jets that we can effectively
isolate in collision events.

Having corrected and validated the simulation of the jet time response as described
in section 4.1, we proceed to validate the accuracy of the simulation prediction of the TD
tagger discriminator, after factorizing the impact of the jet time measurement. This is
achieved by replicating the time of arrival distribution for signal jets in the corresponding
distribution for prompt proxy objects through the introduction of an artificial delay of
1-2ns, which is sufficient to cover the bulk of the expected TD tagger scores for signal
jets. Whether to use photons or electrons is based on the jet pp. A sample of photons is
obtained by selecting Z — ¢ ¢y events in which one of the leptons (¢ = muon or electron)
radiates a photon. We require the mass of the 74~y system to be between 70-110 GeV to
ensure that the sample is not contaminated by jets misidentified as photons. Because the
photon in the Z — €+€7y sample has a relatively soft momentum spectrum, this control
region is only valid for LLP candidate jets with pr < 70 GeV.

For LLP candidate jets with pp > 70 GeV, we use electrons from W — ev, events
as proxy objects obtained by selecting events with an electron passing standard isolation
and identification criteria [67] and p*5 > 70 GeV. The distributions of the TD jet tagger
input variables for the photons and electrons in data and simulation are smeared to match
the distributions for displaced jets from signal events. To calculate all the tagger input
variables, the track produced by the electron candidate is removed, and the electron is
treated as a photon. We evaluate the TD jet tagger scores for these proxy objects after the
corrections to the input variables and imposing the artificial time delay, shown in figure 5,
and measure the efficiency for such proxy objects to have a TD jet tagger score larger than
0.996, the threshold used to tag signal jets. The measured efficiencies are compared to
the efficiencies predicted by the simulation, and data-to-simulation correction factors are
obtained; these factors show no dependence on jet pr and 7, and are all in the range 0.9—
1.1. The difference in the correction factor obtained from imposing a delay of 1 and 2ns is
propagated as a systematic uncertainty.
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Figure 2. The distributions of the most impactful input variables to the TD jet tagger for signal
(red, lighter) and collision background (blue, darker). They include the charged (upper left) and
neutral (upper right) hadron energy fractions, the number of track constituents in the jet (middle
left), the AR between the jet axis and the closest track associated with the PV (middle right), and
the jet time (lower).
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(blue, darker). Identification probability for the signal versus the misidentification probability for
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marker. Both are evaluated using an independent sample of testing events.
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Figure 4. The efficiency of the TD jet tagger working point used in the analysis is shown as a
function of the lab frame transverse decay length for simulated signals with %[1] mass of 400 GeV.
The uncertainties shown account for lifetime dependence and statistical uncertainty.

6 Background estimation

The main background processes are QCD multijet, W+jets, Z(VV)-+jets, and tt produc-
tion, where prompt jets have been misidentified as signal jets by the TD jet tagger. The
misidentification occurs very rarely, less than 0.1% as shown in figure 6, and results primar-
ily from outliers in the jet composition and in the time measurement. The prompt jets that
pass the TD jet tagger either result from tracking inefficiencies or from instances where
the fragmentation and hadronization is mostly into photons or neutral hadrons, rendering
such jets approximately trackless. Misidentified jets can also have larger measured times,
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Figure 5. The TD jet tagger score distributions for simulation (shaded histogram) and data (black
markers) when using electrons from W — ev, events as proxy objects for signal jets. The histograms
and data points have been normalized to unit area. The last bin contains jets with tagger scores
greater than 0.996, the threshold used to tag signal jets. Similar levels of agreement are observed
for photon proxy objects from the Z — €+ﬂ_y sample.

making them appear to be delayed. Because the misidentification primarily results from
instrumental and resolution effects, the misidentification probability per jet ey, does not
depend strongly on the process or the presence of other objects in the event. Motivated
by these observations, we employ a matrix method [90, 91] to estimate the background
contribution to the two-tag SR.

Jets with pp > 30 GeV are defined as the basic objects used for the matrix method.
We measure e, in signal-depleted measurement regions (MRs) as a function of jet n. It
is sufficient to parameterize €, only as a function of jet n because we observe that it
is independent of the jet pr. The nominal MR is obtained by selecting events with one
electron or muon with pp > 35 or 30 GeV, respectively, passing standard isolation and
identification criteria [67, 92]. The events are also required to have PSS 40 GeV to
suppress QCD multijet background, and to have transverse mass smaller than 100 GeV to
suppress a potential beyond the SM signal. The €, measurement, derived per jet, is shown
in figure 6, for two data-taking years. The misidentification probability is significantly
greater for the first 19.9 fb~! of data collected in 2016 because of the impact of suboptimal
settings on the tracker readout chip in the presence of large pileup. The readout chip
parameters were reoptimized for the later part of 2016, resulting in improved tracking
efficiency and less misidentification for the last 16.4 fb~! of data collected in 2016.

To quantify the degree of process dependence, misidentification probabilities from three
alternative MRs are measured. The Z+jets MR, intended to represent the Z(vV)+jets
background, is obtained by selecting events with two electrons or two muons, each satisfying
the pr > 35 or 30 GeV requirement, respectively, and requiring the dilepton mass to be
between 60 and 120 GeV. The p'™ is required to be less than 30 GeV to suppress other
background processes. Likewise, the tt MR is obtained by selecting events with one electron

~13 -



Measurement region Selection

1 electron (muon) with pr > 35 (30) GeV,
Nominal PR > 40 GeV,

mr < 100 GeV

2 electrons (2 muons) with pp > 35 (30) GeV,
Z+jets 60 < Mg (Myy) < 120 GeV,
p%iss < 30 GeV

_ 1 electron and 1 muon with pp > 35 and 30 GeV,
P S 30 GeV

1 jet with pp > 140 GeV online,

QCD multijet .
pr < 25GeV offline

Table 1. Definitions of the measurement regions used to quantify the process dependence of the
TD jet misidentification probability.

and one muon, with the same pp requirements described above, and p%liss > 30 GeV. Events

in the QCD multijet MR are required to have a jet with pp > 140 GeV online, and p%liss <
25 GeV offline to avoid signal contamination. A summary of the different MRs can be found
in table 1. The envelope covering the range of misidentification probabilities measured in
the nominal and three alternative MRs is used to derive a systematic uncertainty. This
systematic uncertainty quantifying the degree of process dependence is shown in figure 6
and found to be 45% relative to the collision background and 30% relative to the total
background prediction.

To predict the number of background events in the two-tag SR, we consider each
untagged jet ¢ with pp > 30 GeV in events passing the preselection with exactly one TD-
tagged jet and assign it a probability epy,(7jet ;) to be misidentified as a TD jet. Each
untagged jet in the event is treated independently, and the total background prediction
N> tag bkg 18 Obtained from the sum

Nl—tag Nl]fntagged
N22—tag bkg — Z Z 6bkg(njet z) ’ (61)
k=1 =1

where Ny, is the number of one-tag events in data and Nllfntagged is the number of untagged
jets in event k. This prediction ignores contributions of order ef,kg and is accurate in the
limit where €, is very small, which is the case here as €, is below 1073 Using the matrix
method described above, we predict a collision background yield of 0.15+0.08 (stat + syst)
for the two-tag SR.

An alternative background prediction N’ZQ_tag pkg 18 obtained by selecting events
with zero TD-tagged jets and considering each pair of untagged jets (jets ¢ and j) as
a potential source of misidentified jets. Each untagged jet pair is assigned a weight
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Figure 6. The TD jet tagger misidentification probability measured using the nominal W+jets MR
(black round markers) is shown along with the systematic uncertainty (gray band), quantifying the
degree of process dependence measured from alternative MRs. The measurements in the alternative
MRs are displayed as well (Z+jets MR as green round markers, tt MR as red squared markers,
QCD MR as blue triangular markers) along with their respective statistical uncertainty. On the
left, this probability is shown for the first 19.9 b~ of data collected in 2016, while on the right it is
shown for the last 16.4fb ™" of data collected in 2016 combined with data collected in 2017-2018.

€bkg (Mjet i)€bke (Met ), and the alternative background prediction is given by

k k
NO-tag Nuntagged Nuntagged

Nioagbhg = D > > evka(Miet i)evka(Miet 5) | » (6.2)

k=1 =1 7>t

where Ny ¢,e is the number of zero-tag events in data.

The two background predictions will agree if €y, is jet- and process-independent.
Thus, we use the prediction N>y 40 pre @8 the nominal background prediction, and the
difference between the two predictions as an estimate of the systematic uncertainty of the
method resulting from any additional process dependence. This systematic uncertainty is
found to be 13%.

Events satisfying the nominal MR selection with two misidentified TD jets are used to
define a validation region (VR) in order to test the accuracy of the prediction method. Using
the €y, measured in the MR and the same matrix method, we predict 1.1+0.7 background
events in the VR and observe 1 event in data. Another validation test is performed by
relaxing the jet 7 requirement to |n| < 1.48 in order to decrease the statistical uncertainty
of the test. For the alternative test, we estimate 5.1 £ 3.1 events in the VR and observe 4
events in data. Both tests produce excellent agreement between the predicted and observed
yields, thus validating the background estimation method. Finally, a validation of the n
dependence of €}, is shown in appendix B, where the 7 distribution of the TD-tagged jets in
the one tag bin of the signal region data is observed to agree with the predicted background.

Although the dominant background contribution is from instrumental misidentifica-
tion, there are small contributions from noncollision sources including cosmic ray muons
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and beam halo particles. To estimate these contributions, we first measure the efficiencies
of the cosmic ray and beam halo vetoes in dedicated MRs with high cosmic ray muon and
beam halo purities, respectively. The cosmic ray muon MR is composed of events selected
by cosmic ray triggers, enabled during periods when the LHC is not colliding proton beams,
and containing a muon that traverses the full detector and a jet. Events in the beam halo
MR are selected by an alternative beam halo filter, which identifies beam halo particles
via matching segments in the CSC endcap muon detector. For the beam halo MR, we also
subtract the instrumental misidentified collision background using the matrix method to
prevent the resulting bias on the measured beam halo veto efficiency. Finally, we invert
the cosmic ray muon and beam halo vetoes described in section 4.3 to obtain two separate
CRs. We multiply the corresponding CR event yields by a transfer factor accounting for
the measured efficiency of the cosmic ray muon or beam halo veto. We obtain predictions
for the cosmic ray muon and beam halo backgrounds of 0.03 0.02 and 0.05 4= 0.05 events,
respectively, consistent with zero events in each case.

7 Systematic uncertainties

The source of the dominant background uncertainty is the estimation of the misidentified
TD jet background. This uncertainty includes contributions related to the CR sample
size, €k process dependence, and the matrix method validity, amounting to 4, 30, and
13%, respectively, relative to the total background prediction. The noncollision background
uncertainties correspond to about 23% relative to the total background prediction. Several
systematic uncertainties in the signal yield prediction are also considered. The uncertainty
in the TD jet tagger efficiency, which includes a component from the jet time correction
uncertainty as well as a component estimated using the methods discussed in section 5.1,
is the largest and amounts to up to 29% relative to the signal yield, depending on the
signal model parameters. The integrated luminosities for the 2016, 2017, and 2018 data-
taking years have 1.2-2.5% individual uncertainties [93-95], while the overall uncertainty
for the 2016-2018 period is 1.6%. The impact of uncertainties related to jet energy scale
and resolution [74, 96], PDFs, missing higher order QCD corrections, pileup modeling,
integrated luminosity, simulation sample size, and lepton and photon veto efficiency is also
estimated and summarized in table 2.

8 Results and interpretation

Figure 7 shows the observed data for the three bins corresponding to Nppjy = 0, 1, and >2,
and the estimated background yields for the latter two Nppj bins. In the most sensitive
SR bin, corresponding to Nppj > 2, we observe 0 events with an expected background of
0.23 4 0.10 events.

We interpret the results in the context of a simplified model of GMSB chargino-
neutralino production [34, 35]. As discussed in section 1, the long-lived neutralinos are effec-
tively pair produced and decay to either HG or ZG. The branching fraction B(%? — H(~})
is varied from 0 to 1, assuming B(X] — HG) + B(X} — 2G) = 1.0
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Uncertainty source Process Uncertainty [%]

Background CR sample size Background 4
TD jet tagger misidentification process dependence Background 30
Background estimation method Background 13
Noncollision background Background 23
TD jet tagger efficiency Signal 8-29
Jet energy scale Signal 0.1-11
Jet energy resolution Signal 0.2-10
PDFs Signal <1
Missing higher-order QCD corrections Signal <1
Pileup Signal 0.3-6.3
Integrated luminosity Signal 2.5
Signal sample size Signal 5-8
Lepton and photon veto efficiency Signal <1

Table 2. Summary of combined statistical and systematic uncertainties, the size of their effect,
and whether it applies to the signal or background yield predictions. Ranges for signal systematic
uncertainties reflect their impact on different signal parameter space points.

We use a test statistic based on the profile likelihood ratio [97] to extract the signal.
Upper limits at 95% confidence level (CL) on the product of the neutralino pair production
cross section (0%0%0) and the relevant branching fraction are derived using the modified

11

frequentist CLg criterion [98, 99] and an asymptotic formulae [100]. Systematic uncertain-
ties are incorporated into the analysis via nuisance parameters with log-normal probability
density functions and are treated according to the frequentist paradigm.

Figures 8 and 9 show the upper limits on 0-0-0 as functions of the %[1) mass (m,io) and
1X1 1

proper decay length (CTYO)’ respectively, assuming B(%g — H(~}) = 0.5. Figure 10 shows the
1

observed upper limits as a function of both m-o and cT0. The upper limits are relatively
1 1

independent of the branching fraction B(¥) — HG), varying by less than 10% over the full
range. For example, for 0 = 0.5m we exclude cross sections of 160, 2.6, and 0.8 fb for

i
m-o of 200, 400, and 600 GeV, respectively. Compared to previous searches for promptly
1

decaying %! in the same simplified model [101], the sensitivity of the current search ex-
pressed in terms of the cross section limit is about 20 (10) times better at mo = 400
1

(600) GeV. At a 95% CL, we exclude %? masses up to approximately 1180 (990) GeV when
cT20 is 0.5 (3.0) m. For Mo = 400 (1000) GeV, we exclude €720 in the range from 0.04 to 20

(0.1 to 3) m. Tabulated results are provided in the HEPData record for this analysis [36].
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9 Summary

A search for long-lived particles has been carried out using proton-proton collision data
at /s = 13TeV, corresponding to an integrated luminosity of 138 fbfl, using missing
transverse momentum and a novel and highly discriminating deep neural network tagger
for trackless and delayed (TD) jets. Each additional TD-tagged jet required suppresses
standard model background processes by more than three orders of magnitude while main-
taining the signal efficiency above 80%. A background estimation method based on control
samples in data uses the tagger’s measured misidentification probability to extrapolate
from event samples with one or fewer tagged jets to the signal region comprising events
with two or more tagged jets. The results are interpreted in the context of a simplified
model of electroweak production of chargino-neutralino pairs. For a neutralino (%(1)) proper
decay length of CT%(% = 0.5 m, we exclude cross sections of 160, 2.6, and 0.8 fb for %(1) masses

(m%()) of 200, 400, and 600 GeV, respectively, at 95% confidence level. Compared to pre-
1

vious searches for promptly decaying 7~C(1) in the same simplified model, the sensitivity of
the current search expressed in terms of cross section limit is about 20 (10) times better
at m~o =400 (600) GeV. In the case of a long-lived ) Xl with C7'~ =0.5m, )Ncl masses up to

1.18 TeV are excluded at 95% confidence level. The current search is the best result to date
in the mass range from the kinematic limit imposed by the Higgs boson mass up to 1.8 TeV.
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Figure 11. The distribution of the jet charged hadron energy fraction, a variable used as input to
the TD jet tagger score, for simulation (shaded histogram) and data (black markers) when using
electrons from W — ev, events as proxy objects for signal jets. The histograms and data points
have been normalized to unit area. Similar levels of agreement are observed for photon proxy
objects from the Z — ¢ ¢~y sample.
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Figure 12. The distribution of the jet neutral hadron energy fraction, a variable used as input to
the TD jet tagger score, for simulation (shaded histogram) and data (black markers) when using
electrons from W — ev, events as proxy objects for signal jets. The histograms and data points
have been normalized to unit area. Similar levels of agreement are observed for photon proxy
objects from the Z — EJFE*V sample.

A Trackless delayed jet tagger input variables

The key input variables to the TD jet tagger are the charged hadron energy fraction,
neutral hadron energy fraction, and number of track constituents. Comparisons be-
tween the simulation-based predictions and data are shown for these three variables in
figures 11, 12, and 13, respectively.
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using electrons from W — eV, events as proxy objects for signal jets. The histograms and data
points have been normalized to unit area. Similar levels of agreement are observed for photon proxy
objects from the Z — ¢ ¢~y sample.
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Figure 14. The 7 distribution of TD-tagged jets in a background-enriched control region that com-
prises events with exactly one TD-tagged jet. Observed data (black round markers) and the corre-
sponding prediction based on control samples in data (empty squared markers), measured using the
nominal W+jets MR, are compared. The prediction uncertainty (gray band) includes the system-
atic uncertainty quantifying the degree of process dependence measured from alternative MRs. The
predictions for the shape and the normalization of the n distribution are consistent with the data.

B TD-tagged jet np distribution

The n distribution of TD-tagged jets in data and the corresponding prediction from the
background estimation method are compared in figure 14.
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