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Abstract

A search for long-lived particles was performed with data corresponding to an in-
tegrated luminosity of 2.6 fb~ ' collected at a center-of-mass energy of 13 TeV by the
CMS experiment in 2015. The analysis exploits two customized topological trigger al-
gorithms and an offline displaced-jet tagging algorithm. The multiplicity of displaced
jets is used to search for the presence of a signal with a proper lifetime between 1 mm
and 1000 mm. Pair-produced long-lived decays to four jet final states, with cross sec-
tions larger than 1.2 fb are excluded for a proper lifetime of 50 mm. For pair-produced
long-lived decays to two b quarks and two leptons with equal decay rates between
lepton flavors, cross sections larger than 2.5 fb are excluded for proper lifetimes be-
tween 70 mm and 100 mm. As a mass exclusion bound, pair-produced long-lived
R-parity violating top squarks lighter than 550 — 1130 GeV are excluded depending
on their lifetime and decay mode. This mass exclusion bound is currently the most
stringent bound available for top squark proper lifetimes greater than 3 mm.
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1 Introduction

The study of physics beyond the standard model (BSM) is one of the main objectives of the
ATLAS and CMS experiments at the CERN LHC. With no signal observed so far, the ATLAS
and CMS results put severe bounds on BSM theories. The majority of these searches focus on
particles with proper lifetimes c1p < 1 mm and contain requirements on the physics objects that
reject longer lived particle decays. This leaves open the possibility that light long-lived parti-
cles could be produced but remain undetected. In this note, we present an inclusive search for
long-lived particles decaying to various combinations of jets and leptons. The analysis exploits
the information originating from the CMS calorimeters to reconstruct jets and measure their en-
ergies. The information from reconstructed tracks, in particular the transverse impact param-
eter, is used to discriminate the displaced-jets signal from the background of ordinary multijet
events. The analysis is performed on data collected with the CMS detector from proton-proton
collisions at a center-of-mass energy /s = 13 TeV in 2015. The data set corresponds to an inte-
grated luminosity of 2.6 fb~'. Results for similar signatures at /s = 8 TeV have been reported
by ATLAS [1, 2] and CMS [3].

This note is structured as follows: Section 2 describes the analyzed data samples and the Monte
Carlo (MC) simulated events used to design the study and interpret the results. Section 3
describes the displaced-jet tagger and event selection. The data-driven background estimation
are described Section 4. The systematic uncertainties are discussed in Section 5. Results are
discussed in Section 6, where the interpretation in terms of benchmark BSM scenarios is given.
A summary is presented in Section 7.

2 Datasets and simulated samples

Events are collected from two dedicated online selection algorithms, designed to identify events
with displaced jets. Both triggers have a requirement on Ht which is computed as the scalar
sum of the pr of the jets in the event, considering only jets with pr > 40GeV and |y| < 3.0.
The inclusive trigger algorithm accepts events with Hy > 500 GeV and at least two jets with
pr > 40GeV and || < 2.0, with each jet having no more than two associated prompt tracks.
Tracks are classified as prompt if their transverse impact parameter relative to the beam line,
IP?, is less than 1 mm. The exclusive trigger algorithm requires Hr > 350 GeV and at least
two jets with pt > 40GeV, |7| < 2.0, no more than two associated prompt tracks, and at least
one associated track with transverse impact parameter IP?P > 50 pn, where o7 pap is the uncer-
tainty on IP?P. Samples selected solely with large Hr are used to study the performance of the
online selection algorithms.

Events are selected offline requiring at least two jets with pr > 60GeV and || < 2.0. Two
classes of events are considered: (i) events passing the inclusive trigger algorithm and with
Ht > 650 GeV and (ii) events passing the exclusive trigger algorithm and with Hr > 450 GeV.
Combining these two classes of events results in 786 002 unique events.

The main source of background events originates from multijet production. The properties
of this background process are studied using a simulated multijet sample, generated with
PYTHIAS [4]. The NNPDF 2.3 [5] parton distribution functions (PDFs) are used to model the
parton momentum distribution inside the colliding protons. The event simulation includes the
effect of multiple proton-proton collisions in the same bunch crossing and in bunch crossings
nearby in time, referred to as pileup. Simulated samples are reweighted to match the pileup
profile observed in data.



2 3 Event selection and inclusive displaced-jet tagger

The analysis is interpreted with a set of benchmark signal models. The Jet-Jet model pre-

dicts pair-produced long-lived scalar neutral particles X° [6], each decaying to a light quark-

antiquark pair, where light refers to u, d, s, ¢, and b quark. The two scalars are produced

through a 2 — 2 scattering process, mediated by a Z* propagator. The decay rate to each flavor

is the same. The resonance mass 1m0 and proper lifetime ¢t are varied between 50 and 1500 GeV
and between 1 and 2000 mm, respectively. The trigger efficiencies for myo = 300GeV and

cTy = 1,30, and 1000 mm are 30%, 81%, and 42%, respectively. The trigger efficiencies for cty =

30mm and mx = 50,100, and 1000 GeV are 2%, 14%, and 92%, respectively.

The B-Lepton model contains pair-produced long-lived top squarks in R-parity violating mod-
els of supersymmetry [7]. Each top squark decays to one b quark and a lepton, with equal
decay rates to each of the three lepton flavors. The resonance mass m; and proper lifetime ¢t
are varied between 300 and 1000 GeV and between 1 and 1000 mm, respectively. The trigger ef-
ficiencies for m; = 300 GeV and ¢ty = 1,30, and 1000 mm are 15%, 41%, and 23%, respectively.
The trigger efficiencies for ctp =30mm and m; = 500,700, and 1000 GeV are 64%, 71%, and
74%, respectively.

These models are also investigated with modified branching fractions. The Light-Light model
is the Jet-Jet model excluding decays to b quarks (equal decays to lighter quarks) and the B-Mu,
B-Ele, and B-Tau models are derived from the B-Lepton model with 100% branching fraction
to muons, electrons, and taus, respectively. Leptonic tau decays are included in the B-Tau
interpretation. All signal samples are generated with PYTHIAS8, with the same configuration as
for the multijet sample.

3 Event selection and inclusive displaced-jet tagger

Events contain multiple primary vertices (PVs) corresponding to pileup occurring in the same
proton bunch crossing. A description of the PV reconstruction can be found in Ref. [8]. The
displaced-jet identification variables utilize the primary vertex with the highest squared trans-
verse momentum sum of the constituent tracks. The PV reconstruction employs Gaussian con-
straints on the reconstructed position based on the luminous region, which is evaluated from
the reconstructed primary vertices in many events. The choice of primary vertex is found to
have a negligible effect on the analysis.

The analysis utilizes a dedicated tagging algorithm to identify displaced jets. For each jet, the
algorithm takes as input the reconstructed tracks within AR = /(A%)? + (A¢$)? < 0.4 of the
jet. Only tracks with pr > 1 GeV and passing loose tracking quality criteria are considered.
Three variables are considered for each jet in the event.

The first variable quantifies how likely it is that the jet originates from a given PV. For a given
jet, ajet(PV) is defined for each PV as

tracks

)N
“jet (PV) _ tracksEPVfa"Eks (1)
Ztracks Pr

where the sum in the denominator is over all tracks associated to the jet and the sum in the
numerator is over just the subset of these tracks originating from the given PV. The tagging
variable amax is the largest value of a;e(py) for the jet.

The second variable quantifies the typical recoil angle of a given track in a jet from the flight
direction of the long-lived candidate particle. For each track, ®;p is computed as the angle
between the track pt = (px, py) at the track’s innermost hit and the vector connecting the
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Figure 1: Comparison of MC and data distributions for the displaced-jet tagging variables
&max (left), Tl\)gg (center), and O,p (right). The data distributions (circles) are compared to the
expected background distributions from multijet events (squares) and several Jet-Jet bench-
mark models (dotted histograms) of pair-produced long-lived neutral scalar particles with
myx = 700 GeV and different values of cty. The vertical lines designate the value of requirement
for the nominal displaced-jet tag. The direction of the arrow indicates the values included in
the requirement. All distributions have unit normalization.

chosen PV to this hit in the transverse plane. The tagging variable ®,p, is the median of the @p
distribution for the tracks associated to the jet.

The third variable quantifies the significance of the measured transverse displacement for the
jet. For each track associated to the jet, the significance of the track’s transverse impact parame-
ter, IP2D, is computed as the ratio of the track’s transverse impact parameter and its uncertainty.

sig/
gi]?s is the median of the I Pszi]gD distribution of all tracks in a jet.

The tagging variable P
Figure 1 shows the distributions of the three tagging variables for data events, simulated mul-
tijet events, and simulated signal events with myo = 700 GeV and several values of c1.

The displaced-jet identification criterion is amax < 0.05, loglo(fl\’gg) > 1.5, and loglo(@zp) >
—1.6. This selection was chosen by scanning through the tagging variable parameter space and
selecting parameters that yielded the best discovery significance for the Jet-Jet model across all

generated lifetimes and masses.

The average displaced-jet tagging efficiency for myo = 700 GeV is 4% for ctyp = 1 mm, 57% for
cTy = 30mm, and 33% for ctyp = 1000 mm. For ctp > 1000 mm, the long-lived particles typi-
cally decay beyond the tracker. For ctyp < 3 mm, the experimental signature for signal events
becomes more similar to background b jets that decay in the tail of the lifetime distribution of
B mesons.

A signal is searched for by applying the selection described above and counting the number
of tagged displaced jets, Nigs. In addition to the online and offline requirements described
in Section 2, the analysis signal region requires Nigs > 2. Efficiencies are reported for all
interpreted models as a function of the lifetime with fixed mass (Tables 1 and 2) as well as a
function of mass with fixed lifetime (Tables 3 and 4).



4 4 Background prediction

Table 1: Signal efficiencies (in %) for myo = m; = 300GeV and varied cty for the Jet-Jet and
B-Lepton models. Selection requirements are cumulative from the first to the last row.

Jet-Jet

myo [GeV] 300 300 300 300

cTp [mm)] 1 10 100 1000
>2tags 233+£015 3949 +£0.63 5454 +0.74 14.58 £ 0.38
Trigger 216 £0.15 3812+£0.62 39.32+£0.63 8.07+0.28
Selection 2.09£0.14 37.09+0.61 36.53+0.60 6.67+0.26
>3tags 017+0.04 14144038 16.724+-041 1.36=+=0.12
>4tags 001001 473+£022 471022 0.17=*=0.04

B-Lepton

m; [GeV] 300 300 300 300
cTp [mm] 1 10 100 1000
>2tags 045+£0.02 15.82+£0.13 31.52+0.19 855+0.10
Trigger 029 £0.02 11.45+0.11 17.08 +£0.14 3.22+0.06
Selection 0.27 £0.02 991+0.11 13.33+0.12 2.08 +0.05
>3tags 0.02+001 246+005 3.81+0.07 0.3740.02
> 4 tags - 030£0.02 0484+0.02 0.03£0.01

4 Background prediction

Background events arise from jets in which one or more displaced tracks are present due to
either mismeasured tracks or truly displaced tracks such as from a weak decay of a strange,
charm, or bottom hadron. As the proportion of tracks identified as being displaced is small and
approximately constant, and two tagging variables use medians of all tracks associated with the
jet, the likelihood of tagging a non-displaced jet as a displaced jet decreases exponentially with
Niracks- Figure 2 shows the fraction of jets that are tagged as displaced jets in data as a function
of the number of tracks associated with the jet Ni,ks. This function is the misidentification
rate of tagging a prompt jet as displaced (assuming no signal contamination) and is interpreted
as the probability p(Niacks) of being tagged. This parameterization allows for an estimation,
event by event, of the probability of tagging displaced jets.

To maintain the statistical independence of the events that are used to perform the prediction
and the events in the signal region, the misidentification rate is measured in a control sample
defined as events with Ni,gs < 1 (as shown in Figure 2), while the signal region requires Ni;gs >
2. Additionally, this limits signal contamination in the misidentification rate. There are 1391
events with Ni,gs = 1. The size of the bias introduced by only measuring the misidentification
rate in events with Nigs < 1 is quantifiable. For the nominal tag requirement, the effect of
removing events with Ni,gs > 1 on the predicted number of two tag events is negligible (0.4%)
compared to the statistical uncertainty of the prediction.

The misidentification rate is used to predict the probability for an event to have Ni.gs tagged

jets, P(Ntags). For instance, for an event m with three jets j;, j», and j3, there is one configuration

with no tags, with a probability:
P"(Niags = 0) = (1= p1)(1 = p2)(1 = p3) ,

where p; = p(Niacks(ji)). Similarly, there are three configurtions for this same event to have



Table 2: Signal efficiencies (in %) for myo = m; = 300 GeV and varied ¢ty with modified branch-
ing ratios relative to the Jet-Jet and B-Lepton models. Selection requirements are cumulative

from the first to the last row.

Light-Light

myxo [GeV] 300 300 300 300
cTp [mm] 1 10 100 1000
>2tags 220+£019 4049 +080 54924093 14.55+ 047
Trigger  2.04 +0.18 39.16 £0.78 39.63 £0.79 8.20 £ 0.36
Selection 2.03 +£0.18 38.41+0.77 3699 £0.76 6.89 +0.33
>3tags 019005 1477 4+048 16.70+=0.51 1.48+0.15
> 4 tags - 511£028 473+027 022+0.06

B-Ele

m; [GeV] 300 300 300 300
cTp [mm] 1 10 100 1000
>2tags 0.81+£0.10 20.51+047 39.01£0.65 11.46+0.35
Trigger 0.40 £0.07 14.68 £0.40 2295+0.50 5.15+0.23
Selection 0.40 £0.07 1392 +0.39 20.34+047 358 +£0.19
>3tags 0.04+£002 4224021 721+028 0.82=+£0.09
> 4 tags - 0.73+0.09 1.19+£011 0.05+0.02

B-Tau
m; [GeV] 300 300 300 300
cTp [mm] 1 10 100 1000
>2tags 048 +£0.07 1840+£045 3498 +0.61 931 +0.32
Trigger 0.44 +£0.07 14.63 +=0.40 20.20+0.46 3.81 £0.20
Selection 0.41 £0.07 12454037 1550+ 041 2.37 +0.16
>3tags 0.02£0.02 323+019 4.62+022 0.44310.07
> 4 tags - 0.53+0.08 0.66£0.09 0.02=+0.02
B-Mu
m; [GeV] 300 300 300 300
cTp [mm] 1 10 100 1000
>2tags 013£0.04 8.02*£029 20.09+046 4.03£0.21
Trigger 0.054+0.02 3974021 6.63+£026 0.88+0.10

Selection 0.04 £0.02 292+0.18 421+021 049 +0.07
> 3 tags - 023 £0.05 0.31+0.06 0.03+0.020
> 4 tags - 0.01 £ 0.01 - -

Ntags =1:

P"(Niags =1) = p1(1 = p2)(1 = p3) + (1 = p1)p2(1 = p3) + (1 = p1)(1 = p2)ps -
The probability of finding Ni.gs tags in the m event is:

Pm(Ntags) = 2 H pi

jet-configs ictagged

[1

kenot-tagged

(1—px) - )

Tagged jets enter the product as p; and non-tagged jets enter as (1 — p;). Equation (2) is used
to compute the probability of observing Niags, under the assumption that the sample does not
contain any signal. The number of events expected for a given value of Niags is computed as

Nevents(Ntags) = me (Ntags) ’ 3)
m



4 Background prediction

Table 3: Signal efficiencies (in %) for the Jet-Jet and B-Lepton models with ¢1p = 30 mm and

varied mass. Selection requirements are cumulative from the first to the last row.

Jet-Jet
myxo [GeV] 50 100 300 1000 1500
cTp [mm] 30 30 30 30 30
>2tags 271+010 14.80+022 54244074 7993 +£0.89 825510091
Trigger 050 £0.04 539+0.13 4641+0.68 74.05+0.86 77.65+ 0.88
Selection 0.30 £0.03 3.70+0.11 44.75+£0.67 7399 +£0.86 77.53 +0.88
>3tags 0.05%£0.01 1.09+0.10 20.87+=046 4942+0.70 55.28£0.74
> 4 tags - 022+0.03 6.81£026 2545050 3226+ 0.57
B-Lepton
m; [GeV] 300 600 800 1000
CTy [mm] 30 30 30 30
>2tags 31.52+019 47324023 52531024 55.88+0.35
Trigger 17.08 :0.14 35.03 020 40.40 +=0.21 43.14 £ 0.30
Selection 14.70 £0.13 32.34 +0.19 36.94+0.20 39.26 £0.29
>3tags 4.11=+£0.07 1076011 13.29+0.12 15.00=£0.18
>4tags 055+003 1.83+0.05 2.69=+005 3.09+0.08
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Figure 2: The fraction of jets passing the displaced-jet tagging criteria as a function of the num-
ber tracks associated with the jet. The results are from data events with Ni,gs < 1 collected with
the displaced-jet triggers and passing the offline selection criteria.

where m runs only over events with fewer than two tagged jets. The prediction is then com-
pared to the observed Ni,gs multiplicity in events with two or more tagged jets, to assess the
presence of a signal.

We validate this procedure in the absence (background-only test) and presence (signal-injection
test) of a signal, using simulated events.

The background-only test is performed by predicting the tag multiplicity on the simulated
multijet sample, taking as input the misidentification rate distribution. In order to populate the
large-Niags region of the distribution, a looser version of the displaced-jet tagger is employed
in this test. The full sample of events passing the event selection is divided into multiple in-



Table 4: Signal efficiencies (in %) for ctp = 30 mm and varied mass with modified branching
ratios relative to the Jet-Jet and B-Lepton models. Selection requirements are cumulative from

the first to the last row.

Light-Light

myo [GeV] 50 100 300 1000 1500
cTy [mm] 30 30 30 30 30
>2tags 2.84+012 1556+029 54.87+092 80.52+1.11 8219+1.14
Trigger 053 £0.05 570+0.17 47.14+£0.85 7485+1.07 77.07£1.10
Selection 0.33+0.04 3.90+0.14 45.68+0.84 74.80+1.07 76.96=+1.10
>3tags 0.05+002 1.11+£0.08 21.77+058 50.04+0.88 55.36+0.93
> 4 tags - 023+004 738+034 25.80+063 3247 +0.71
B-Ele
m; [GeV] 300 600 800 1000
cTp [mm] 30 30 30 30
>2tags 39.01+0.65 53.70+0.75 59.62+0.78 6242+ 1.11
Trigger 22.95£0.50 38.07£0.63 43.06£0.66 4521 +0.95
Selection 21.59 +0.48 37.02+0.62 3947 £0.64 42.20 £ 0.92
>3tags 7.86+0.29 14.28+038 1737 +042 20.39+0.64
>4tags 137+£0.12 332£019 434+£021 4.69=£031
B-Tau
m; [GeV] 300 600 800 1000
cTp [mm] 30 30 30 30
>2tags 3498+0.61 51424073 57.20+0.76 59.43 +1.07
Trigger 2020 £0.46 39.78 £0.64 4546 £0.68 47.62 £ 0.96
Selection 17.17 £0.43 3747 +£0.62 43.64 +£0.67 44.26 £+ 0.92
>3tags 521+£024 13294037 16.15+040 19.13+0.61
>4tags 086010 3.09+0.18 3.68+£0.19 448£0.29
B-Mu
m; [GeV] 300 600 800 1000
CTy [mm] 30 30 30 30
>2tags 20.09 +£046 3546060 41.18+0.64 43.13+0.93
Trigger  6.63 =026 2473 +£050 31.85+056 34.10+0.82
Selection 5.25+024 2140+047 2742 +052 31.18+0.79
>3tags 034+£0.06 3.03+£0.18 528+£023 6.08=+0.35
> 4 tags - 0.12+0.04 0.68+£0.08 0.68+0.12

dependent samples and the background prediction validated. The predicted background of
Niags events in simulated multijet events is found to be consistent with the observed number of
events.

The signal-injection test is performed by adding events of pair-produced resonances decaying
to two jets to the multijet sample and repeating the procedure described above. In this case, the
nominal displaced-jet tagger is used. The injected signal has myo = 700 GeV and c1p = 10mm
with a varied cross section. The jet probability is computed as in the data, where no prior
knowledge of the nature of the events (signal or background) is available. In this case, the
misidentification rate is derived from the mixed sample itself, including the contamination
from the injected signal sample. The signal contamination is found to have a minimal impact
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on the predicted number of events in the signal region. For example, with an injection cross
section of 30 fb, 19 events are observed with two tags, while the 2 tag prediction is consistent
with the predictions obtained for zero injected events: Nevents(Ntags > 2) = 1.3. For example,
with an injection cross section of 3 pb, no three tag events are predicted, while 1520 events with
three tags are observed. Given the insensitivity of the predicted background to large amounts
of injected signal, the analysis is robust to signal contamination.

5 Systematic uncertainties
5.1 Background systematic uncertainties

A background systematic uncertainty is determined for the data-driven background-prediction
method. This uncertainty is estimated by repeating the background-prediction procedure de-
scribed in Section 4 using a looser version of the displaced-jet tagging algorithm and comparing
the predicted and observed number of events in data. The background estimation uncertainty
of 7.5% is the required adjustment to the prediction to remove the observed bias. For three or
more tags, the systematic uncertainty for the method is kept fixed.

The statistical uncertainty on the measured misidentification rate as a function of Niacks 1S
propagated to the predicted Niags distribution as a systematic uncertainty. This systematic
uncertainty is calculated for each tag multiplicity bin. The uncertainty for the 2 tag bin is 13%.

5.2 Signal systematic uncertainties

All signal systematic uncertainties are calculated individually for each model, for each mass
and lifetime point, and for each value of Ni,gs in the signal region. In cases where the uncer-
tainty depends on the mass, lifetime, and/or decay mode of the long-lived particle, a range is
quoted, referring to the uncertainty for Ni,gs = 2 events. A summary of systematic uncertain-
ties associated with the signal is given in Table 5.

The uncertainty on the trigger emulation is measured by comparing the predicted efficiency
for simulated multijet events and data collected by a loose Hr trigger. The observed difference
at threshold (5%) is taken as an estimate of the uncertainty in the emulation of the online Ht
requirement. Similarly, the uncertainty induced by the online versus offline jet acceptance is
obtained from the shift in the trigger efficiency when the offline jet pr requirement is increased
from pr > 60 GeV to pr > 80GeV (5%).

The systematic uncertainty on the modeling of the online tracking efficiency is obtained by
studying the online regional track reconstruction in data and MC. The online values of [P?P
and I Ps?ig are varied by the magnitude of the mismodeling found in events collected in control
triggers. The new values are used to determine if the event would still pass at least one of the
trigger paths and its associated offline Ht requirement. The Ni.gs distribution is recalculated
with the values varied up and down. The relative change in the number of events per bin is

taken as the systematic uncertainty. For Niags = 2, this uncertainty varies from 1 to 35%.
The systematic uncertainty on the luminosity is 2.3% [9].

The uncertainty arising from the PDFs for pair-produced masses in the range of 50-1500 GeV is
found to be 1-6%. An ensemble of alternative PDFs is sampled from the output of the NNPDF
fit. Events are reweighted according to the ratio between these alternative PDF sets and the
nominal ones. The distribution of the signal prediction for these PDF ensembles is used to
quantify the uncertainty.



Table 5: Summary of the signal systematic uncertainties. When the uncertainty depends on
the specific features of the models (mass, lifetime and decay mode of the long-lived particle) a
range is quoted, which refers to the computed uncertainty for Ni,gs = 2 events.

Signal systematic uncertainty Effect on yield
Hr trigger inefficiency 5%
Jet p trigger inefficiency 5%
Trigger online tracking modeling 1-35%
Luminosity 2.3%
Acceptance due to PDF 1-6%
Displaced-jet tag variable modeling 1-30%

Table 6: The predicted and observed number of events as a function of Niags- The prediction
is based on the misidentification rate derived from events with fewer than two tags. The full
event selection is applied. The uncertainty corresponds to the total background systematic
uncertainty.

Ntags Expected Observed
2 1.09 £ 0.16 1
>3 (494+1.0)x107* 0

The systematic uncertainty on the modeling of the jet tagging variables in signal MC samples
is estimated from the displaced track modeling in multijet events in data and MC. The mis-
modeling of the measured value of ®;p and I Pszi]g for single tracks is propagated to the final tag
distribution by varying the individual measured values in MC by the difference in the mea-
sured value relative to data (3-10%). The tagging variables are then recalculated. The Niags
distribution is recalculated with the new values. The systematic uncertainty is assigned as the
relative change in events, bin by bin in Nigs. For the two tag bin, this varies from 1 to 30%
depending on the mass and lifetime. The mismodeling of amax is found to have a negligible
effect on the signal efficiency as the requirement is relatively loose.

6 Results and interpretation

The numerical values for the expected and observed yields are summarized in Table 6. The
observed yields are found to be consistent with the predicted background, within the statistical
and systematic uncertainties. No evidence for a signal at large values of Ni,gs is observed.

Exclusions for each model are obtained from the predicted and observed event yields in Table 6
and the signal efficiencies in Tables 1-4. All bounds are derived at 95% confidence-level (CL) ac-
cording to the CL, prescription [10-12] in the asymptotic approximation. For each limit deriva-
tion, we consider events with Nigs > 2 using independent bins for Nigs = 2 and Niags > 3.
Finer binning of the tag multiplicity for Nigs > 3 is found to have a negligible effect on the
expected limits. Cross section upper limits are presented as a function of the mass and lifetime
of the parent particle. The analysis sensitivity is maximal for (10 < ¢ty < 1000) mm. Mass ex-
clusion bounds at fixed lifetime are also derived, comparing the excluded cross section with the
values predicted for the benchmark models described in Section 2. In the case of SUSY models,
the next-to-leading order (NLO) and next-to-leading-logs (NLL) tt* production cross section is
used as a reference, computed in the large-mass limit for all other SUSY particles [13-18].
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Figures 3 and 4 show the excluded pair-production cross section for the Jet-Jet and Light-Light
models, respectively. Cross sections as small as 1.2 tb are excluded for ctyp = 50 mm for both
models. Exclusion limits are also derived for resonances decaying to b/ final states, as shown
in Fig. 5. The sensitivity is similar to what is observed for the Jet-Jet model, although less
stringent as additional jets give higher efficiency than additional leptons from both the tagging
and triggering perspectives. Cross sections larger than 2.5 fb are excluded at 95% CL, for ¢t in
the range 70-100 mm, which corresponds to excluding parent masses below 1130 GeV.

Figures 6 and 7 show the exclusions for the B-Tau and B-Ele models, respectively. The two
models have similar performance at high mass with slightly stronger limits for the B-Ele model
at lower mass (m; = 300 GeV) and longer lifetime (c7p > 10mm). The highest mass excluded
in the B-Ele (B-Tau) model is m; = 1145 (1150) GeV at ctp = 70 (70) mm, corresponding to a
cross section of 2.31 (2.23) fb at 95% CL.

Figure 8 shows the exclusion for the B-Mu model. Since the analysis uses jets reconstructed
from calorimetric deposits and the two muons have small or no associated calorimeter deposits,
the signal reconstruction efficiency and displaced-jet multiplicity are smaller in this case. This
results in a weaker exclusion bound. The highest mass excluded in the B-Mu model is m; =
1085 GeV at ctp = 70 mm, corresponding to a cross section upper limit of 3.5 fb at 95% CL.

7 Summary

A search for long-lived particles was performed with data corresponding to an integrated lu-
minosity of 2.6 fb~! collected at a center-of-mass energy of 13 TeV by the CMS experiment in
2015. This is the first search made for long-lived decays to jet final states in 13 TeV data and the
tirst search to demonstrate explicit sensitivity to long-lived decays to tau leptons. The analy-
sis utilized two customized topological trigger algorithms and an offline displaced-jet tagging
algorithm, with the multiplicity of displaced jets used to search for the presence of a signal.
As no excess above the predicted background is found, upper limits are set at 95% confidence
level on the production cross section for resonances decaying to two jets or to a lepton and
b quark. The limits are calculated as a function of the mass and proper lifetime of the long-
lived particles. For the jet-jet (bottom-lepton) decay mode, cross sections larger than 1.2 fb (2.5
fb) are excluded for proper lifetimes of 50 mm (70-100 mm). The cross section limits are also
translated into mass exclusion bounds, using a calculation of the top squark production cross
section as a reference. Pair-produced long-lived R-parity violating top squarks lighter than
550-1130 GeV are excluded, depending on their lifetime and decay mode. This mass exclusion
bound is currently the most stringent bound available for top squark proper lifetimes greater
than 3 mm.
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Figure 3: The excluded cross section at 95% CL for the Jet-Jet model as a function of the mass
and proper lifetime of the parent particle X° (top) and as a function of the proper lifetime for
four values of the mass (bottom). The bottom plot also shows the expected upper limits with
one standard deviation uncertainties.
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Figure 5: The excluded cross section at 95% CL for the B-Lepton model as a function of the mass
and proper lifetime of the parent particle t (top) and as a function of the proper lifetime for two
values of the mass (bottom). The top plot also shows the expected (observed) exclusion region
with one standard deviation experimental (theoretical) uncertainties, utilizing a NLO+NLL
calculation of the top squark production cross section. The bottom plot also shows the expected
upper limits with one standard deviation uncertainties and the NLO+NLL calculation of the
top squark production cross section at two mass values.
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Figure 6: The excluded cross section at 95% CL for the B-Tau model as a function of the mass
and proper lifetime of the parent particle t (top) and as a function of the proper lifetime for two
values of the mass (bottom). The top plot also shows the expected (observed) exclusion region
with one standard deviation experimental (theoretical) uncertainties, utilizing a NLO+NLL
calculation of the top squark production cross section. The bottom plot also shows the expected
upper limits with one standard deviation uncertainties and the NLO+NLL calculation of the
top squark production cross section at two mass values.
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Figure 7: The excluded cross section at 95% CL for the B-Ele model as a function of the mass
and proper lifetime of the parent particle t (top) and as a function of the proper lifetime for two
values of the mass (bottom). The top plot also shows the expected (observed) exclusion region
with one standard deviation experimental (theoretical) uncertainties, utilizing a NLO+NLL
calculation of the top squark production cross section. The bottom plot also shows the expected
upper limits with one standard deviation uncertainties and the NLO+NLL calculation of the
top squark production cross section at two mass values.
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Figure 8: The excluded cross section at 95% CL for the B-Mu model as a function of the mass
and proper lifetime of the parent particle t (top) and as a function of the proper lifetime for two
values of the mass (bottom). The top plot also shows the expected (observed) exclusion region
with one standard deviation experimental (theoretical) uncertainties, utilizing a NLO+NLL
calculation of the top squark production cross section. The bottom plot also shows the expected
upper limits with one standard deviation uncertainties and the NLO+NLL calculation of the
top squark production cross section at two mass values.
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