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1 Introduction

In many beyond standard model (SM) theories the production of long-lived particles at the
CERN LHC that can decay into final states containing jets and momentum imbalance (PXs5)
is predicted. Such theories include, but are not limited to, Split Supersymmetry [1, 2], SUSY
with gauge-mediated supersymmetry breaking (GMSB) [3], ”“stealth SUSY” [4] and "Hidden
Valley” models [5].

The timing capabilities of the CMS Electromagnetic Calorimeter (ECAL) are used to identify
delayed jets produced by the decays of long-lived particles. This analysis is sensitive to models
of new physics containing a long-lived particle which decays to a displaced jet. A representa-
tive GMSB signal model is used to benchmark the sensitivity of the search. This model con-
tains pairs of long-lived gluinos that each decay into a gluon, which forms a jet, and a weakly
interacting gravitino, which escapes the detector, causing significant ﬁ%“iss in the event. The
production diagram for the benchmark model is shown in Figure 1.

Figure 1: Feynman diagram for the gluino GMSB signal model.

There have been multiple searches for long-lived particles decaying to all-jet final-states at CMS
and ATLAS at /s = 8 TeV and /s = 13 TeV [6-18]. The use of calorimeter timing has been
limited to searches targeting displaced photons at /s = 8 TeV [19, 20]. This search presents the
tirst application of ECAL timing to searching for displaced jets from long-lived particles. This
technique allows the rejection of backgrounds to the few event level with high signal model
efficiency with only a single displaced jet in the event. As detailed in Reference [21], such an
approach allows significant new sensitivity to long-lived particle models.

This document is organized as follows. Section 2 describes the CMS apparatus. Section 3
details the reconstruction techniques for physics objects used in the analysis. Section 4 outlines
the data sets used and the various software packages used to generate the samples of simulated
events. Section 5 summarizes the selection criteria used to identify and categorize signal events
and samples of control data. Section 6 describes the methods used to estimate the background
contributions to the signal region. The results and interpretations are described in Sections 7
and 8, respectively, and summarized in Section 9.

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 electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
The barrel muon system is composed of drift-tubes (DT) and resistive plate chambers (RPC).
These provide high resolution hit timing and positioning to determine the muon trajectory. In
the forward region the DTs are replaced by cathode strip chambers (CSC) which have greater
resistance to the higher radiation flux occurring along the beamline. A more detailed descrip-
tion of the CMS detector, together with a definition of the coordinate system used and the
relevant kinematical variables, can be found in Ref. [22].

This analysis relies on the timing capabilities of the barrel region of the ECAL [23]. The ECAL
measures the energy of incoming electromagnetic particles through the scintillation light pro-
duced in the lead tungstate crystals. Silicon avalanche photodiodes (APDs) are used as pho-
todetectors in the barrel region. These are capable of measuring the time of incoming particles
with a resolution of down to ~ (200) ps for energy deposits above 50 GeV [24]. Each ECAL
crystal plus APD unit is referred to as an ECAL cell.

Events of interest are selected using a two-tiered trigger system [25]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 us. 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 less than 1 kHz before data storage.

3 Object and event reconstruction

The primary physics object used in this analysis are jets defined as sets of calorimeter energy
deposits clustered by the anti-kt jet clustering algorithm [26, 27] with a distance parameter
of 0.4. Jets reconstructed using the Particle Flow algorithm [28] are not used in this analysis
due to the non-standard tracker contribution in delayed jets. Tracks which are identified as
originating from a primary vertex are associated to the jets through a requirement of AR =

(An)? + (Ap)? < 0.4, where Ay and A¢ represent the difference between the jet axis and
track in pseudorapidity and the azimuthal direction respectively.

The jet timing is determined using all ECAL cells which satisfy AR < 0.4 between the jet and
cell position and which satisfy an energy threshold of 0.5 GeV. The ECAL cell time is calibrated
across the detector such that a particle travelling from the origin at (0,0,0) to the cell position
at ¢ arrives at 0 ns. Crystals with an ECAL time > 20ns are not considered in order to reject
deposits from collisions of previous or following bunches. The time of the jet, i, is defined by
the median cell time. The jet cleaning selections used to reject the dominant backgrounds are
detailed in Section 5.

The estimator of the pIss used for this analysis is defined as the projection on the plane per-
pendicular to the beams of the negative vector sum of the energies of all calorimeter energy
deposits in an event (with no rejection of out-of-time ECAL cells). Its magnitude is referred to
as pr'*s.

4 Data sets and simulated samples

The data sample was collected in 2016, 2017, and 2018 by the CMS detector in pp collisions
at a centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 137 &
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3.3fb! [29-31]. The events must satisfy the trigger requirement of piss (trigger) > 120 GeV.

The search is interpreted using the GMSB signal model with samples produced with gluino
masses from 1000 to 3000 GeV and a proper decay length (cty) varying from 0.3 to 30 m. All
signal samples are produced with PYTHIA 8.212 [32], and NNPDF3.1LO [33] 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 [34, 35], which is simulated with PYTHIA. For underlying event
modeling the CP2 tune is used [36].

The modeling of the jet-based cleaning variables discussed in Section 5 is validated using a sim-
ulated sample of jets produced through the strong interaction, referred to as quantum chromo-
dynamics (QCD) multijet events. This sample is simulated with the MADGRAPH5_aMC@NLO
2.2.2 [37] event generator at leading-order (LO) accuracy. This is interfaced with PYTHIA 8.212
for parton showering, hadronisation and fragmentation. The jets from the matrix element cal-
culations are matched to parton shower jets using the MLM algorithm [37]. The underlying
event is modeled using the CUETP8M1 (CP5) tune [36] for simulation with NNPDF3.0NLO
(NNPDE3.1NNLO) [33] used for PDF modeling for the 2016 (2017 and 2018) conditions.

The description of the detector response is implemented using the GEANT4 [38] package for
all simulated processes. The interaction of R-hadrons with the detector is simulated [39] and
found to have a negligible effect on this analysis. To model the effect of additional pp interac-
tions within the same or nearby bunch crossings (in-time and out-of-time pileup), all simulated
events are generated with a nominal distribution of pp interactions per bunch crossing and then
weighted to match the pileup distribution as measured in data.

5 Event and object selection

In order to motivate the selections described in this section the various dominant sources of
background expected in a search for delayed jets are detailed below.

ECAL time resolution tails Each ECAL cell time measurement has a resolution due to fac-
tors including intercalibration uncertainties, scintillator rise time differences, cell dam-
ages due to radiation, luminous region spread in z, and run-by-run variations [24].

Electronic noise Electronic noise in the ECAL can cause individual cells to record deposits
with any time value, typically with low energies and uncorrelated with surrounding tow-
ers.

Direct APD hits If the ECAL cell APD is hit directly an out-of-time signal can be observed due
to skipping the scintillation stage (= 11 ns early). Such signatures can be delayed if the
direct APD hit is due to a secondary interaction produced in HCAL or if the direct APD
hit is from the following bunch crossing.

In-time pileup Additional pp collisions in the same bunch crossing can cause small variations
in the timing due to the luminous region spread in z up to a few hundred ps.

Out-of-time pileup Additional pp collisions in the neighbouring bunch crossings can cause
deposits delayed by integer multiples of the bunch spacing (25ns).

Satellite bunches The LHC radiofrequency (RF) cavities operate at a frequency of 400 MHz,
such that RF 'buckets” are separated by ~ 2.5 ns. In order to achieve the desired bunch
spacing, only one in 10 of these buckets (separated by 25 ns) should be filled. However,



during filling a small number of protons (O(10~°) smaller than the main bunch) can be
placed in adjacent "satellite” bunches.

Beam halo Collisions between beam protons and an up-stream collimator can result in muons
which pass through the detector parallel to the beam line. These “beam halo” muons
may deposit energy within the ECAL causing an early signal if the beam halo is from the
current or previous bunch or a delayed signal if the beam halo originates from a following
bunch. The deposits due to collisions of these satellite bunches or from associated beam
halo can be delayed or early relative to a main bunch collision.

Cosmic muon hits Energy deposits in the ECAL originating from cosmic muons cause out-of-
time deposits which may have any time.

The events considered in this analysis are required to satisfy a series of selections to define
a sample of signal events labelled as the signal region (SR). These selections are inverted to
enhance particular background processes in order to predict the background contribution to
the SR as detailed in Section 6.

5.1 Jet selection
5.1.1 Baseline selections

All jets considered in this analysis must pass baseline selections on the transverse momentum
and pseudorapidity. A requirement of pr > 30 GeV is made to exclude contributions from
pileup jets and jet axis || < 1.48 such that the jets are reconstructed in the ECAL barrel. The
barrel selection is made as the timing resolution is significantly better in this region compared
to the endcap [24], and the targeted signal model jets are strongly peaked in the central 7 region.

5.1.2 Cleaning selections

Jets from signal events can be expected to have a reasonably large number of ECAL cells
(N ) hits while jets dominated by direct APD hits or ECAL noise often have a low num-
ber of ECAL hits. A threshold of N&&. | > 25 is applied to reject these backgrounds.

Jets from signal events will on average have an approximately equal proportion of energy from
ECAL and HCAL deposits while jets originating from noise or beam halo typically have a small
or zero HCAL component. In order to reject such backgrounds, jets are required to satisfy
HEF = Eycar/ (Egcar + Encar) > 0.2. An additional requirement is made of Eyycap > 50 GeV
to reject backgrounds from noise and beam halo as well as to ensure a well measured hadronic
component.

RMS
jet

cells originate from the same delayed jet. Jets which are significantly delayed due to uncor-
related noise are often widely spread in time values due to a small number of noise deposits

coinciding with a prompt jet. In such cases the tjlgtvls will be correlated with £, and so back-

Signal jets typically have a small RMS in time ( ) relative to their time as all the component

grounds are rejected by applying a selection of both tjliltws < 0.4 x t..; and on the absolute value

jet

M < 2.5 ns. For jets with || < 3ns the selection is made on 415 < 0.4 x 3 = 1.2 ns.

of jet jet

Jets which originate from the primary vertex (PV) and have a mismeasured time or originate
from satellite bunch collisions typically contain a large number of tracks associated to the PV.
The Pthrraaccfon, defined as the ratio of the total momentum of all PV tracks associated to the jet
to the transverse energy, is used to identify signal jets which do not originate from the PV. A

selection of PV/raction < 1/12 is applied.
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Beam halo muons will travel directly through the Cathode Strip Chamber (CSC) muon detector
before leaving energy deposits in the ECAL, so the fraction of ECAL energy that can be asso-
ciated to CSC segments provides direct rejection of backgrounds from beam halo. The ratio
of the total energy of ECAL cells matched to a CSC segment (A¢ < 0.04) to Egcap, defined as
ESS, /Egcar, is used to discriminate beam halo backgrounds. A selection of ESSS; /Egcar, <
0.8 is applied.

5.2 Event selection

A selection on the missing transverse momentum of pM > 300 GeV is applied to reject back-
grounds from multijet production (including collisions from satellite bunches).

The DT and RPC muon systems are used to veto backgrounds from cosmic ray muons. The
signal models may also cause deposits in the muon systems if the jets contain muons, there
is ‘punch-through” of hadronic energy to the muon system, or if a long-lived particle decays
within the muon systems. To mitigate the inefficiency for the signal models, only the DT seg-
ments and RPC hits with r > 560 cm (where r is the transverse radial distance to the interaction
point) and RPC stations with |z| > 600 cm (where z is the distance along the beamline to the
interaction point) are considered. In order to reduce the effect of noise, DT segments and RPC
hits are required to be within AR < 0.5 of a DT segment with a hit The maximal A(p between

and max(Acp

such ‘paired” DT segments and RPC hits is defined as max(A(p . d)

o nived) respec-

tively. Events satisfying max(A(p > 7/2 or max(A(p ) > 7/2 are rejected to veto

pa1red ) pa1red

cosmic muon events.

Finally, events are required to satisfy a series of filters designed to ensure the reconstruction is
of good quality and to contain at least one jet satisfying the requirements outlined in Section 5.1.
These selections are summarised in Table 1.

6 Background estimation

This section details the characterisation of the dominant background sources and the prediction
methods used to estimate residual contributions to the signal region. The backgrounds are
investigated by inverting the selections on the discriminating variables summarised in Table 1
to define control regions enriched in particular background processes.

There are three main background sources which are predicted separately: beam halo back-
grounds which typically have low HEF and large ESYS; / Egcay, out-of-time backgrounds from
satellite bunch collisions which have large PV{rtion and jets originating from cosmic muons

track
DT/RPC;;
which have high rnax(Ar,bpair{3 4 )and tllgtvls.

The backgrounds are predicted from the control regions using methods which rely on data. The
data from all three years are combined in making these predictions due to the low number of
events in the signal region phase space. These predictions are tested using validation regions
which do not overlap with the signal regions to ensure the prediction is unbiased. The closure
in the validation region is used to define a systematic uncertainty on the prediction in the signal
region.

6.1 Beam halo

The beam halo contribution is predicted by measuring the pass/fail ratio of the selection
ESS, /Egcar > 0.8 for events with HEF < 0.2 and applying it to the observed number of



Table 1: Summary of the selections used to define the signal region.

Event level selections
Event level pmiss > 300 GeV

Event level Quality filters
DT;

Eventlevel max(Ad,,;.q) < 71/2
Event level max(A¢§£rcéé) <m/2

Jet baseline selections

Jet | < 1.48
Jet pr > 30 GeV
Jet cleaning selections
Jet Egcar > 20 GeV
Jet Nl > 25
Jet HEF > 0.2 AND Eycap, > 50 GeV
Jet (Ht>/ tier < 04 AND £V < 2.5) OR S < 1.2
Jet pViraction « 1/12
Jet ESS, /Egcar < 0.8
Jet tier > 315

events with HEF > 0.2. The signal region prediction is made using all events with £, > 3
ns. The prediction is made without any selection on Eyca;, and is therefore a conservative
estimate.

To ensure that this prediction is unbiased, a validation region is defined by selecting events
with i, < —3 ns and passing all signal selections except those on ESSS; /Egcar, HEF, and
Etscar- To enhance the contribution of beam halo events relative to the contributions from
satellite bunches and cosmic muons in the validation region, the ¢ value of the jets is required
to be within 0.2 radians of 0 or +7t.

The correlation between ES2S, / Egcar and HEF in the validation sample is consistent with zero,
meaning they can be used to form an unbiased prediction. The prediction from this method
for the number of events passing signal thresholds on ES2S; /Egcar and HEF in the validation

region is 0.02:“8:82, in agreement with the 0 events observed.

The closure in the validation region is used to derive an additional systematic uncertainty on
the prediction. The gradient of a linear fit to the pass/fail ratio of the ESSS; /Egcar > 0.8
selection as a function of HEF is found to be consistent with zero. The uncertainty is then
propagated to the observed event counts with ESSS; /Egcar > 0.8 and HEF > 0.2. The final

prediction for the signal region is 0.02305 (stat) 7097 (syst).
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6.2 Core and satellite collision background prediction

The core and satellite collision contribution is predicted by measuring the pass/fail ratio of the
selection PV{fradion < 1/12 for events with 1 < tier < 3 and applying it to the observed number

of events with fi; > 3ns and pyjfraction > 1/12. Two validation regions are defined to verify

the prediction of the satellite bunch and timing tail backgrounds.

The first validation region is selected to contain events with i, < —1 ns and passing all signal

selections except for that on PV{rstion, The pass/fail ratio of the PV{rastion < 1 /12 selection is
measured for events with —3ns < tj,; < —1ns and applied to the number of events with f;; <

—3ns and Pthrra"j‘ccfon > 1/12. The upper bound on f;.; ensures the sample is enriched with jets
in the tail of the f;, distribution. The correlation between the variables in the validation region
is confirmed to be consistent with zero, which allows an unbiased prediction to be made. The

prediction from this method for the number of events passing .y < —3nsand py/raction < 1/12

is 0.09193, and the number of events observed is 1. The event passing selection has no paired
RPC or DT hits and is therefore unlikely to originate from a cosmic. This is compatible with
expectation, but as the tension is slightly more than one sigma, a further validation is carried
out. The selection of piiss > 300GeV is inverted and the prediction repeated. In this region
1.95 £ 0.29 events are predicted and 1 event is observed. The observation in the negative time
region for pMiss > 300 GeV is therefore concluded to be consistent with an upwards fluctuation.

A second validation region is defined using events with 1ns < i, < 3ns. The pass/fail ratio
of the Py/fracion < 1/12 selection is measured for events with 1ns < tiet < 2ns and applied

to the number of events with 2ns < te, < 3ns and PV{agion > 1/12. The t, and PV{agtion

variables are uncorrelated meaning they can provide an unbiased prediction. The prediction
from this method for the number of events passing t.., > 2 ns and pyfraction -1 /12 jg 0.03f8:8§,

. . jet track
in agreement with the 0 events observed.

The prediction for the signal region relies on using the efficiency of the PV{Taction selection of

events with 1 < i, < 3 ns to predict the efficiency of the pyfraction gelection for tiee > 31s. Due
to differences in the reconstruction of the calorimeter energy and tracker pr this efficiency may
be expected to have some small time dependence. In order to measure any such f;.; dependence

and derive an associated systematic uncertainty, a data sample with the offline pii*s selection

inverted (but passing trigger requirements) and #; > 2 ns is used. The region of pyjfraction

1/12 is not included to avoid contamination from cosmic or beam halo muon deposits. The

gradient of a linear fit to the pass/fail ratio of a looser selection of PV{radtion < (.5 against

tiet 18 consistent with zero. Similarly to the case for the beam halo prediction, the uncertainty

is propagated to the observed event counts with £, > 3ns and pyfraction - 1/12. The final

track
+0.09 +0.02

prediction for the satellite and core background is 0.117 5z (stat) "5 (syst) events.

6.3 Cosmic events

The discriminating variables used for the cosmic prediction are the tRMS of the jet and the

jet
DT}, RPC; DT/RPC;;

maximum of max(Agbpaired) and max(Agbpaired), labelled as max(A(,bpai]fecl ). The pass/fail
DT/RPC;;
ratio of the tjlzltvls < 2.5ns selection is measured for events with max(A(pp air/e q ) > m/2and

. . DT/RPC;;
applied to events with max(Agprm/e P

will typically only deposit significant energy in a single isolated cell. The HCAL noise rejection
quality filters are designed to veto events containing such isolated deposits and so inverting
these filters, with all other selections applied, provides a validation region enriched in events

) < 1t/2. Cosmic muons passing through the HCAL
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Figure 2: The timing distribution of the backgrounds predicted to contribute to the signal
region is compared to representative signal models. The templates for the major backgrounds
are taken from control regions and normalised by the predictions detailed in Section 6. No
events are observed in data for tj; > 3ns.

with cosmic muons.

. DT/RPCy, . C 1 . . .
The correlation between tjlgtvls and max(A¢ baired ") in the validation sample is consistent with

zero, meaning they can be used to form an unbiased prediction. The prediction in the validation
DT/RPC;;

region for the number of events passing signal thresholds on t8M5 and max(Agbpaire a )

jet
1.13:?, in agreement with the 1 event observed. An additional systematic uncertainty is applied
from the statistical power of the validation region. The final prediction in the signal region is

10718 (stat) 18 (syst)

6.4 Background summary

The predicted background yields are summarised in Table 2. The overall background predic-
tion is 1 72 events.

Table 2: Background prediction summary.

Background Prediction
Beam halo 0.0210:08 (stat) T90° (syst)
Core and satellite bunches  0.1170-92 (stat) T3 (syst)

Cosmics 1.011%8 (stat) 715 (syst)
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7 Resulis

Figure 2 shows the timing distribution for events with jets passing all signal region selections.
The templates are for illustration purposes only and are not used for the statistical interpreta-
tion. The overall prediction for the signal region is 1 f%S events which is consistent with the
observation of 0 events.

8 Interpretation

The model used for the interpretation is the GMSB SUSY model in which gluinos are pair
produced and form R-hadrons. The long-lived gluinos then decay to a gluon and gravitino
producing a delayed jet and missing energy. The experimental acceptance times efficiency
(Aeg), shown in Figure 3, is evaluated independently for each model point, defined in terms of
gluino mass (m,;) and lifetime (c7p). The efficiency is maximised for high gluino masses and
for a range in cT1y, bounded by the requirements that the gluino must have sufficient lifetime
for its decay products to pass the tj; > 3 ns selection and that the gluino must decay before
or within the ECAL. For a gluino model with m, = 2000 GeV the efficiency is maximal for the
range 1 < ¢7y < 10 m. The efficiency is maximised for higher masses due to the increased piss
in the event and smaller § of the gluino.

The trigger efficiency for the simulated samples is evaluated from the trigger emulation. The
inefficiency due to the pss trigger requirement ranges from ~ 5% to ~ 15% for ¢ty = 1 and
10 m respectively.

4000 CMS Simulation Preliminary 137 fb™ (13 TeV)
e T T T T

2800

g

m- (GeV)
Efficiency

2600

2400
10

2200

2000
1800
1600 10%
1400
1200

107

o, |
100%.5 3 3.5 4 4.5 5
Ioglo(crolmm)

Figure 3: Efficiency in the mass and cT, plane for the GMSB model after all selections.

In order to evaluate systematic uncertainties in the modeling of the jet variables discussed in
Section 5.1.2 the distributions for multijet simulation are compared to data. For each jet vari-
able, the threshold used for the selection is varied in the simulation to match the efficiency
measured in data. The change in acceptance from this variation is shown for each of the clean-
ing variables in Table 3 using an example model point. This variation is taken as a system-
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atic uncertainty on the signal model acceptance. The variation on tjlzltvls is also propagated to
tRMS / t.

jet jet*

Table 3: The derived variation on the acceptance on the modelling of the jet variables discussed
in Section 5.1.2 for a representative model with m; = 2400 GeV.

Variable Derived uncertainty (%)
mg =2400 GeV, cp=1m mg = 2400 GeV, cp=10m
pVfraction 0.01 0.03
Nl 3.2 42
HEF 2.8 2.5
ESSS /Egcar 0.9 0.9
Her 22 15

In addition to the uncertainty on the modelling of the jet cleaning variables the systematic
uncertainties on the signal .Ae are summarised below.

e Modelling of dedicated cleaning variables (detailed in Section 5.1.2): typical size
documented in Table 3, taken as correlated between years.

e Luminosity: 2.5%, 2.3%, 2.5% uncertainty in 2016, 2017, and 2018, taken as uncorre-
lated between years.

e Trigger: size of inefficiency taken as systematic variation, taken as correlated be-
tween years.

e Limited simulated sample statistics: few % depending on signal model acceptance,
uncorrelated between years.

e Pileup reweighting: 4.6% uncertainty on the minimum bias cross section, taken as
correlated between years.

o Jet energy resolution/scale: few % uncertainty on the signal region acceptance.

Under the signal+background hypothesis a modified frequentist approach is used to determine
observed upper limits (cyj;) at 95% confidence level (CL) on the cross section (¢) times branch-
ing ratio (BR) squared for producing a pair of gluinos, each decaying to a gluon and gravitino,
as a function of m; and ¢7,. The approach is based on the profile likelihood ratio as the test
statistic [40] and the CL; criterion [41, 42]. The oyy; is evaluated through the use of pseudo-data
sets. Potential signal contributions to event counts in both the signal and control regions are
considered.

Figure 4 shows the observed oy as a function of lifetime and gluino mass for the GMSB model.
Gluino masses of up to 2100, 2500, and 2150 GeV are excluded for cty = 0.3, 1.0, and 30m
respectively. The dependence of the expected and observed oy as a function of ¢ty is shown
in Figure 5 for my; = 2400 GeV. The observed limit is compared to the results of the CMS
displaced jet search [43], highlighting the complementary coverage.
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CMS Preliminary 137 b1 (13 TeV)
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Figure 4: The 95% CL observed upper limits on ¢ x BR? in the mass and ct, plane for the
GMSB model after all selections for 137 fb~'. The contour of 95% CL expected upper limits
onco/ Otheory = 1 is shown in the solid line while the plus and minus one sigma variations are
shown in the dashed lines. The observed limit is shown in the solid black line.
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Figure 5: Expected and observed limit on o x BR? after all signal region selections for a gluino
GMSB model with m; = 2400 GeV are shown in the dotted and solid black lines respectively.
The one (two) sigma variation in the expected limit is shown in green (yellow). The blue solid
line shows the observed limit achieved by the CMS displaced jet search [43].
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9 Summary

An inclusive search for long-lived particles is reported, based on a data sample of pp colli-
sions collected at /s = 13 TeV, corresponding to an integrated luminosity of 137 fb™'. The
search uses timing of electromagnetic energy deposits to select delayed jets from the decays
from heavy long-lived particles, with residual backgrounds estimated using measurements in
control regions of the data. The results are interpreted using the gluino GMSB signal model,
and gluino masses below 2100 GeV are excluded for decay lengths of ctau between 0.3 and 30
m. The reach is significantly extended in comparison to tracker based searches at CMS and
ATLAS for cty >~ 1m [16, 43, 44].
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