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Abstract

We present a search for new physics producing lepton pairs whose trajectories are
displaced from the interaction region. This search uses a data sample obtained from
pp collisions at /s = 8 TeV, with an integrated luminosity of 19.7 fb~?, recorded by
the CMS detector at the LHC. Many models of new physics predict particles with life-
times on the scale that would produce detectable displacements of the decay products
on the order of 100 ym-2cm. We target a particular model called “Displaced Super-
symmetry” but have designed the search to remain sensitive to a wide variety of
such theoretical scenarios. The number of observed events is in agreement with the
background expectation, and limits are placed on the pair production of stop squarks
decaying to final states including an electron and muon, for a range of stop lifetimes
between 100 yum/c and 10 cm/c. At a mean stop lifetime of 2 cm/c — the value that
gives the highest mass exclusion — stop squarks with masses below 790 GeV are ex-
cluded at 95% confidence level.
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1 Introduction and theoretical motivation

Although the standard model (SM) has proven extremely successful at describing elementary
particles and their interactions, it is known to be incomplete. Experiments at the Tevatron and
the Large Hadron Collider (LHC) have conducted broad programs of searches aimed at dis-
covering or ruling out a variety of extensions to the SM which seek to make it a more complete
theory. The vast majority of these searches make the assumption that new particles will have
short enough lifetimes that their decay products will originate directly from the interaction re-
gion. To date, none of these searches has succeeded in finding evidence for new physics beyond
the standard model (BSM).

As many of these BSM models become more and more constrained, the motivation to search
for new physics with displaced signatures continues to increase. Both the CMS and ATLAS
collaborations have performed searches for decays of BSM particles with long lifetimes, cov-
ering a large range of decay lengths. These range from searches for BSM particles that travel
through the majority of the detector before decaying [1, 2], to BSM particles decaying within
the tracking volume [3], to searches for relatively prompt signatures. The searches focusing on
shorter decay lengths include hadronic [4], semileptonic [5], and dileptonic [6] final states. This
search differs from the previous searches for long-lived signatures in two respects. This search
is optimized to the phase space just beyond the sensitivity of prompt searches but before that
of prior searches for long-lived BSM signatures. This search is also the first to dispense with
the usual requirement that the displaced final state particles originate from a common vertex.

This search is designed to be as model-independent as possible and to be sensitive to as many
event topologies as possible. Consequently, the event selection focuses exclusively on a dis-
placed, isolated dilepton signature and does not try to identify signal events using hadronic
activity or missing transverse momentum (7). In this way, we retain sensitivity to any model
that can produce leptons with displacements on the order of 100 um to 2cm, regardless of
whether these leptons are accompanied by jets, Er, or other interesting kinematic features.
Also, by removing the vertex constraint on the selected particles, we broaden the sensitivity to
models containing either one or two long-lived particles per event.

We interpret the search results in the context of the Displaced Supersymmetry [7] model. This
model introduces R-parity violating terms in the superpotential of the minimally supersym-
metric standard model. R-parity violation (RPV) allows the lightest supersymmetric particle
(LSP) to decay into SM particles. This can frustrate standard SUSY searches by lessening or re-
moving the [ signature generally present in SUSY topologies. Only lepton-number-violating
operators are considered in order to avoid constraints from proton decay. Due to sufficiently
small couplings for these operators, the LSP will have a long enough lifetime that its decay
products are measurably displaced from the region of beam-beam overlap in which the proton-
proton interactions occur (henceforth referred to as the “luminous region”). For a range of these
couplings, Displaced Supersymmetry can generate a natural SUSY model that could have eas-
ily escaped detection thus far at the LHC, because the displacement of the decay products will
be in the gap of sensitivity between the previous searches based on prompt decays and those
based on very long-lived BSM signatures.

We focus on the case in which the LSP is the stop quark — the superpartner of the top quark. At
the LHC, stop squarks would be dominantly produced in pairs. The stops then decay through
an RPV vertex, t; —bl, where 1 is an electron, muon, or tau lepton. To reduce dependancy on any
specific model, we assume lepton universality in the stop decay vertex, so that the branching
fraction to any lepton flavor is equal to one third. We conduct a search for stop decays in which
there is an electron and a muon in the final state, with both of the leptons being displaced from
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the luminous region.

2 Data and Monte Carlo simulation samples

This analysis uses pp collision data taken in 2012 at /s = 8 TeV, corresponding to an integrated
luminosity of 19.7 + 0.5 fb~'. The events in the search sample are collected by a trigger that
requires a muon with its momentum’s component perpendicular to the beam axis, pr, above
22 GeV. It also requires a cluster in the electromagnetic calorimeter with the transverse energy,
Et, above 22 GeV with no requirement for a track to point to this cluster.

We use Monte Carlo (MC) simulation for estimating our signal acceptance and for estimating
contributions from Z—77, one of the two main backgrounds. The other main background
is QCD, which is estimated by a data-driven method described below. Additionally, smaller
sources of background, such as tt, are taken from simulation. The samples simulating Z+jets
and single-top-quark production were generated using POWHEG [8], while those simulating
W-jets and tt were generated using MADGRAPH5 with PYTHIA6 for hadronization [9, 10].
Samples of QCD multijet production, which were used to validate our data-driven QCD back-
ground estimate, and samples of double-boson production were simulated with PYTHIA6. For
the background MC samples generated with POWHEG, the CT10 parton distribution function
(PDF) is used [11]; all other samples use CTEQ6L1 [12]. All generated events are processed
through a detailed simulation of the CMS detector based on GEANT4 [13]. In figures, the sam-
ples listed above are combined for presentational clarity. The “Top” sample is the combination
of tt and single top processes and the “Other EWK” sample is the combination of Z—ee, Z— iy,
and the various diboson processes. In all figures, the “QCD” sample is obtained directly from
the data.

Simulated samples of the process pp—t;t; were generated using PYTHIA8 with the Tune4c
parameter tune and the CTEQ6L1 PDFE The requisite samples were generated to allow us to
scan over two signal parameters. First, we generate samples with stop masses from 200 GeV
to 1TeV. Second, we generate samples with stop lifetimes between 0.1 cm/c and 10 m/c.
Starting with a SUSY Les Houches Accord (SLHA) file [14] corresponding to Snowmass Points
and Slopes (SPS) point 1a, the mass and width of the lightest stop were modified according to
the sample being produced [15].

3 Event selection

The event selections in this analysis can be grouped into two stages. First, we isolate events
with exactly one electron and exactly one muon in the final state. Both the electron and muon
are required to be well-reconstructed and isolated, and the two leptons are required to have
opposite charge. This stage will subsequently be referred to as the analysis “preselection”. The
second stage involves classifying the events passing the preselection according to how far the
selected leptons’ trajectories are offset from the luminous region of the event.

3.1 Preselection

The preselection requirements aim at selecting events which consist of two well identified lep-
tons, specifically one electron and one muon. The leptons are reconstructed using the particle-
flow event reconstruction algorithm [16], which combines information from all the CMS sub-
detectors in order to reconstruct all stable particles and determine their type, momentum di-
rection and energy.
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To account for the acceptance of the CMS detector, we require an electron and a muon with
|7| < 2.5, where the pseudorapidity 7 = —Intan(0/2) and 6 is the polar angle of the lep-
tons” momentum vectors with respect to the counterclockwise beam. Additionally, electron
candidates are vetoed if they fall within a region of low detector acceptance corresponding to
1.444 < |5| < 1.566. To ensure we are operating well above the momentum thresholds required
at the trigger level, we require the leptons in the event to have a transverse momentum greater
than 25 GeV.

Electron candidates are reconstructed by combining information from deposits in the electro-
magnetic calorimeter (ECAL) and tracks built by the Gaussian sum filter (GSF) algorithm [17].
The identification of the electrons is performed using a boosted decision tree (BDT) that com-
bines information from tracking and shower-shape observables as well as observables related
to the geometrical and kinematic matching of the electron track to its supercluster. Electron iso-
lation is achieved using a particle-flow based isolation variable. The variable is defined as the
scalar sum of the transverse momenta of the particle-flow candidates, excluding the electron,
within a cone of AR = /(An)?+ (A¢)? < 0.3 around the electron, where ¢ is the azimuthal
angle in the plane transverse to the beams. The neutral component of the isolation is addition-
ally corrected for pileup using the FastJet [18, 19] energy density (o) of the pileup in the event.
After that correction, the isolation is almost independent of the number of vertices. We require
this isolation sum to be less than 10% of the electron’s pr.

Muon candidates are built by separately constructing a track from the muon’s path through
the tracking volume and one from its path through the muon systems, and then performing a
global fit between the two [20]. Similar to the electron case, muon isolation is performed by
a particle-flow algorithm but with a cone of AR < 0.4. In addition, the pileup correction is
performed using a different algorithm (Ap) that gives an estimation of the pileup contribution
on an event-by-event basis [21]. The muon isolation is required to be less than 12% of the
muon’s pr.

Jets are constructed using the implementation of the anti-kt clustering algorithm available in
FastJet with a size parameter of R = 0.5 [22]. The input to the algorithm is the collection of
all particles identified by particle-flow, but excluding electron and muon candidates. The jets
used in this analysis are required to have pr > 10GeV.

The isolation sums described above are calculated considering only the tracks associated with
the most energetic vertex in the event. In rare cases, one or both of the selected leptons come
from an interaction other than the one corresponding to the most energetic vertex. In such
events, leptons from semi-leptonic B and D decays can pass the standard isolation cuts. Con-
sequently, we also veto events in which either selected lepton is inside a reconstructed jet.
Specifically we require that there is no reconstructed jet above 10 GeV within AR < 0.5 of
either selected lepton.

Each event is required to have exactly one electron and one muon passing all the criteria above.
In these events, the two leptons are required to be separated by more than 0.5 in 17 — ¢ space
and be oppositely charged.

The events passing the preselection are further catagorized by using the 2D track impact pa-
rameter of the selected leptons in the plane transverse to the beams. This transverse impact
parameter (dy) is defined as the distance of closest approach in the transverse plane of the heli-
cal trajectory of the lepton track to the center of the luminous region. When an unstable particle
decays to charged particles, the impact parameters of these decay products will be strongly cor-
related with the original particle’s lifetime. We exploit this fact to construct regions of phase
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space that select particles from the decays of long-lived parents.

As part of the event preselection, we require that both selected leptons have |dp| > 100 ym.
This requirement is designed to exclude sources of promptly-decaying particles; namely W and
Z bosons and top quarks. The events that populate this region are primarily leptons from the
Z—171 process and from heavy flavor QCD decays. This region is used to perform a data-driven
estimate of the background from heavy flavor QCD decays. The procedure for this estimate is
described in detail in Section 5. Finally, the selected leptons are required to have |dy| < 2cm, in
order to constrain our search sample to the leptons that fall within the requirements imposed
at the triggering and reconstruction levels.

3.2 Signal search regions

By requiring both the electron and the muon in the events passing the preselection to have
large enough impact parameters, we can construct a region that is largely free of leptons from
promptly-decaying SM particles. However, the efficiency for a lepton to pass a given dy cut
is directly related to the lifetime of its parent particle. Consequently, a given dy cut will have
drastically different efficiencies at different values of the parent particle lifetime. In order to
optimize the selection criteria for a wide range of parent particle lifetime, we construct three
signal regions — optimized to different lifetimes — and use them simultaneously in the limit-
setting procedure. The three signal regions are defined in the two-dimensional space of electron
|do| and muon |dy|. The most exclusive region, requiring (for both the electron and the muon)
|do| > 1000 um, is expected to have very low background contamination. Events enter the
intermediate signal region if the event fails the cuts defining the most exclusive region, but
both leptons have |dy| > 500 ym. Similarly, an event enters the loose signal region if it fails to
enter the intermediate one, but both leptons have |dy| > 200 yum. This loose signal region is
expected to contain more background contamination, but retain higher signal efficiency for the
shortest stop lifetimes we consider. These regions are purposely constructed such that there is
no overlap between them so that they can be used in combination when setting limits.

4 Corrections to the Monte Carlo simulations

In order to account for known differences in the behavior of simulation and data, we apply
a series of corrective factors to the simulation. This section details the methods used in the
determination and application of these corrections.

4.1 Event pileup reweighting

The simulated samples are generated with a distribution of number of interactions that ap-
proximates the projections for the future LHC conditions. At the end of the data-taking period,
the simulation is reweighted using the true distribution of the number of inelastic interactions
in data. The reweighting factors are calculated independently for each simulated dataset, by
dividing the data and simulation in each bin of number of interactions.

4.2 Lepton reconstruction and identification corrections

Scale factors are derived to account for differences in the performance of lepton identification
and isolation algorithms between data and simulation. The lepton corrections are estimated
with the tag and probe method [23] using the Z—1l process. The MC events are reweighted
according to the data/MC scale factors per lepton, as a function of their pr and |7|. The lepton
scale factors are estimated exclusively for this analysis in order to make sure any dy and d,
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requirements which are included in the CMS official efficiency estimation are removed. These
corrections are not designed to account for the behavior of very displaced leptons, since the Z
boson decays promptly. Instead, we use these corrections as a baseline and use several other
control samples to verify the modeling of displaced leptons.

In order to verify that the simulation is reliable for leptons with large impact parameters, we
look at the events in which one of the leptons is prompt and the other is allowed to be either
prompt or displaced. In this way, we construct a background-dominated region, with a large
number of non-prompt leptons populating it, which does not overlap with any signal region.
This allows us to compare data and simulation into the tails of the impact parameter spectra.
Two regions are defined - one for electrons and one for muons. For each region, the prompt
lepton is required to have |dy| < 200 ym and the other lepton is required to have |dy| > 100 ym.
Figure 1 shows the impact parameter distributions of the leptons in the region which contains
another prompt lepton with opposite flavor. In this figure, the QCD contribution is estimated
using the data, scaling the events in the anti-isolated region to match the yields in the isolated
region as those regions are defined in section 5. Here we see evidence that the shape of the data
is well modeled by the simulation, even into the tails of the |dy| distributions.
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Figure 1: Lepton transverse impact parameter spectra in the region which contains another
prompt lepton with opposite flavor, for electrons (left) and muons (right). The bin contents
have been rescaled to account for the varying sizes of the bins. The contents of the overflow
bin are added to the rightmost bin of the plot.

To estimate the degradation of lepton track reconstruction at high impact parameter, we use
dedicated samples of cosmic muon events in data and MC. Up to a |dy| of 2 cm, the tracking
efficiency is above 90% for both data and MC. We use these events to calculate a scale factor to
correct for the difference between data and MC in the region in which |dy| > 200 ym. This scale
factor is measured to be 0.960 + 0.014, where the uncertainty comes from the limited statistics
of the samples. This factor is applied to leptons in the simulated events passing the analysis
selections. A similar method of deriving such scale factors can be found in [6].

4.3 Trigger efficiency corrections

Trigger efficiencies are estimated using a data sample collected with jet/MET triggers, which
are uncorrelated with our event selections. This sample is enriched with tt events by requiring
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the preselected events from this sample to have an electron and a muon candidate, two jets with
pr > 30 GeV and |57| < 2.4, and at least one b-jet, selected with the medium working point
of the combined secondary vertex (CSV) algorithm [24]. This tt enriched sample has negligible
QCD background.

The trigger scale factor is defined as the ratio of egﬁz/m/ el o after applying the preselec-

tion requirements. The numerator is calculated by the number of MET /jet events passing the
HLT_Mu22_Photon22_CaloldL trigger over the total number of events which pass the orthogo-
nal MET /jet trigger. The denominator is calculated in a similar way using tt events. The final
scale factor is estimated to be 0.981 +/- 0.004. This number is eventually used to correct the MC
in order to match the data and the statistical error is obtained by a simple error propagation.

5 Background estimation techniques

There are two main sources of leptons with the range of displacements in which this search
focuses. These come from the two types of particles with leptonic decays that have lifetimes
in the range of interest: heavy flavor QCD, such as B and D mesons (7 ~ 500 ym/c), and
tau leptons (T ~ 87 um/c). Consequently, the two primary backgrounds to this search are from
semileptonic, heavy-flavor QCD decays (henceforth referred to as QCD) and the Z— 7T process
where each tau lepton decays leptonically. Since the cross sections for most QCD processes are
so large, the simulated QCD samples are not sufficiently large to describe this background.
Therefore, the expectation for this background is derived from the data. The background ex-
pectation for the Z— 7T process is taken from simulation, after validating that the simulated
dataset can accurately reproduce the behavior of Z— 7T events in data, especially in the case in
which the leptons are displaced. Other, less significant backgrounds come from tt, single top,
diboson, and (W—1v)+jets processes, and are taken directly from the simulation.

The QCD estimate is calculated using the events passing all of the analysis preselections. In this
data-driven estimation, we apply a methodology in which we use two uncorrelated variables
to define four non-overlapping regions. The method then calculates the ratio of events in two
of the regions and applies it to the number of events in a third region to predict the number
of events in the fourth region. The uncorrelated variables we use are the leptons” isolation
requirements and the signs of the leptons” charges. With these variables, we can define the
following four regions: isolated leptons whose charges have the opposite sign (OS); isolated
leptons whose charges have the same sign (SS); anti-isolated, OS leptons; and anti-isolated, SS
leptons. The region of isolated, OS leptons corresponds to the normal analysis preselection,
while the other three regions are expected to contain primarily QCD multijet events. Any
contribution from other sources in these three regions is taken from simulation and subtracted
when performing the QCD estimate. When looking into the regions with anti-isolated leptons,
instead of simply inverting the isolation requirements for both leptons we define an isolation
sideband region. Where the normal isolation requirements are iso, < 0.1 and iso, < 0.12, the
isolation sideband is defined as 0.2 < iso, < 1 and 0.24 < iso, < 1.5. This sideband approach
has two advantages over a simple cut inversion. First, it allows us to put some separation
between the isolated and anti-isolated regions, ensuring the anti-isolated sideband will contain
negligible amounts of non-QCD events. Secondly, we can choose not to include events in the
high tails of the lepton isolation spectra, which are generally less well understood. In addition
to altering the requirements on the lepton isolation sums, the requirement that the lepton not
be close to a jet (AR jet > 0.5) is removed when defining the anti-isolated regions.

We calculate a scale factor as the ratio of the number of QCD events in the region of isolated SS



leptons to the number of QCD events in the region of anti-isolated SS leptons. In each region
we take the QCD contribution to be the difference of data and non-QCD simulation. We then
construct a data-derived QCD dataset by taking the events in the region of anti-isolated OS
leptons and normalizing them to the region of isolated OS leptons using this scale factor. We
can then use the impact parameter spectra from this QCD dataset to apply the additional |dy|
selections and obtain the QCD expectation in the signal regions. In order to verify that the
lepton impact parameter spectra are uncorrelated with the lepton isolation spectra, we compare
the |do| distributions for isolated and anti-isolated leptons, in a dedicated control sample in the
data that is enriched in heavy flavor QCD decays.

The other dominant source of background is the Z— 7T process. We use the simulation to de-
scribe this process, but we verify its effectiveness in a dedicated control region. This control
region is defined by applying the analysis preselection, without any requirements on lepton
impact parameter, and then a series of Z— tT-enriching selections. These cuts are designed to
reject other sources of SM background as well as any possible events from the signal process.
In order to reject (W—lv)+jets events, for both leptons, we require that mass of the lepton plus
missing energy system be less than 50 GeV. To reject QCD and tt events, we require the total
scalar sum of transverse jet energy to be less than 100 GeV. Finally, since the Z— 7T process
preferentially produces leptons that are back-to-back in ¢, we require the two leptons to be
separated in ¢ by more than 2.5. This also helps reject signal events, in which the leptons are
generally isotropically distributed in ¢. We verify that the simulated sample has enough events
to describe the tails of the lepton impact parameter distributions with adequate statistical pre-
cision. We also use this control region to demonstrate that the shapes of the lepton impact pa-
rameter spectra in data are well-modeled by the simulation. Figure 2 shows the lepton impact
parameter spectra in this Z— 717 control region, for data and simulation. A good agreement
between the distributions in data and simulation for this process at high |dy| justifies using the
simulation to extract the Z— 71 background estimate.
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Figure 2: Lepton transverse impact parameter spectra of electrons (left) and muons (right) in
Z—77 control region, up to 5000 pm and 500 pm, respectively. The bin contents have been
rescaled to account for the varying sizes of the bins. The contents of the overflow bin are added
to the rightmost bin of the plot.

Before applying the additional requirements on |dy| that define our signal regions, we verify
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that the background estimations accurately reproduce the behavior of the data with the pres-
election criteria applied. Table 1 shows the expected and observed numbers of events passing
all preselection requirements. The systematic uncertainties quoted on these yields are those
derived in Section 6. Good agreement is seen between the background expectation and ob-
servation in terms of the number of events. Since requirements will be placed on the lepton
impact parameters, we want to additionally verify that the background estimate correctly de-
scribes the shape of these quantities. Figure 3 shows the |dy| spectra for background and data.
Again, good agreement is seen between data and the background expectation.

Table 1: Numbers of expected and observed events that pass the preselection requirements.

Event Source Event Yield & 1o (stat.) & 1o (syst.)
other EWK 3.56 +£0.99 +0.43
top 103 +1.0+£0.8
QCD 50 &£ 0.01 &= 15
=TT 98.2 +£9.2+8.0
Total expected background 162 £9 £17
Observation 154
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Figure 3: Lepton transverse impact parameter spectra of the sum of background expectations
after the preselection requirements, for electrons (left) and muons (right). The bin contents
have been rescaled to account for the varying sizes of the bins. The contents of the overflow
bin are added to the rightmost bin of the plot.

We want now to compare the event yield between our background and the data in the signal
regions. Since these regions require a high |dy| for the muon and the electron simultaneously,
we expect very small contributions from all background sources. Often, the efficiency for a
background process is less than the efficiency to give one unweighted MC event, in which case
the raw MC expectation is zero events. In order to avoid this, we use a different method to
estimate the background for high |dy|. For each background, we calculate separately the effi-
ciency to pass the |dy| cut for the selected electron and the selected muon. Then we estimate
the number of events that pass both cuts by multiplying the two efficiencies together and ap-
plying this event-level efficiency to the events passing the preselection. Using this factorised



approach, we reduce the statistic error on the estimate and limit the cases in which the expected
yield for a given background is null. In the cases in which the factorised approach gives a null
estimate, we use the yield from the less exclusive neighboring signal region, which should be
a conservative upper limit.

6 Systematic uncertainties

There are several sources of systematic uncertainty relevant to this analysis. These sources in-
clude uncertainties on the MC correction factors, such as the lepton efficiency scale factors and
the trigger efficiency scale factors. There are also uncertainties associated with the modelling of
pileup in the simulation, the integrated luminosity, the QCD background estimation, and the
cross sections of the different MC samples. In addition, theory uncertainties arising from the
PDF sets are also calculated.

The uncertainty on the lepton efficiency has been computed by varying each correction factor
used for the rescaling by +c¢ and then quoting the effect on the final yields.

The systematic uncertainty associated with the trigger efficiency was conservatively evaluated
to be the difference between the data/MC scale factor and unity, on the order of 2% .

For the displaced track reconstruction efficiency correction, the full size of the correction (4%)
is taken as a systematic uncertainty on each lepton. Since each event contains two leptons, this
corresponds to a 5.7% uncertainty per event.

The estimation of the luminosity for the 2012 pp run is based on the pixel cluster counting
method [25]. This method yielded a new CMS recommended luminosity estimation with an
uncertainty of 2.6% for the 8 TeV dataset which is used in the analysis.

For samples generated using MADGRAPH with PYTHIA6 for hadronization (W—1v)+jets and
tt), QCD scale and matching uncertainties are evaluated using dedicated simulation to evaluate
the effect of +1c¢ fluctuations about the default values used in the standard simulation. For the
(W—lv)-+jets sample, the scale uncertainty is £2.6% and the matching uncertainty is +8%. For
the tt sample, the scale uncertainty is £2% and the matching uncertainty is £0.4%. Since the
other simulated samples are produced with a single generator, such uncertainties do not apply
to them.

The systematic uncertainties on the QCD background estimate is obtained by propagating the
statistical error on the data used, as well as the statistical and systematic uncertainties on the
simulation used. It is driven by the statistical and systematic errors in the region of isolated, SS
leptons and is calculated to be 30%.

Cross sections and their uncertainties are all taken from theoretical calculations. The uncer-
tainty on the (W—1v)+jets and Z—1l processes is taken from an NNLO calculation with FEWZ
3.1 [26]. The uncertainty on diboson processes is cited from a previous CMS result[27]. The
uncertainty on single top processes is taken from the approximate NLO calculation in [28]. The
uncertainty on the tt process is quoted from the NNLO calulation in [29]. The uncertainty on
stop pair production is taken from the NLO+NLL calculation in [30-32].

In order to estimate the uncertainty due to pileup events we vary the number of interactions
in the simulation (£ 3.9% for 2012) and note the changes on the selection yields. The pileup
reweighting is done by generating target pileup distributions with the inelastic pp cross section
shifted by 0. The central value for the total inelastic cross section used for 2012 is 69.4 mb.
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Systematic uncertainties associated with the parton distribution functions are provided by the
PDF builders and can be accessed via the LHAPDF (Les Houches Accord Parton Distribution
Function) library [33, 34]. Following the official PDFALHC recommendation [35] we estimated
the acceptance uncertainties using the PDF re-weighting method. According to the PDFALHC
recipe the systematic errors are obtained by the use of an envelope of the CTEQ, MSTW and
NNPDF PDF sets.

The systematic uncertainties on simulated samples used in this analysis are summarized in
Table 2. Uncertainties that have the same value for all processes and those that only apply to
certain samples are not individually listed in the table. The values quoted for the signal simula-
tion show the range of uncertainties over all choices of signal model parameters. Uncertainties
for the signal process generally increase with the stop mass, and remain relatively constant as
a function of stop lifetime. The rightmost column shows the total systematic uncertainty on
each sample, incorporating both the other columns in the table as well as other uncertainties
described in this section.

Table 2: Sources of systematic uncertainty relevant to this search. The rightmost column in-
cludes all the relevant systematic uncertainties, not only those explicitly mentioned in the table.

Dataset | Cross-section  Pileup e ID/ISO u ID/ISO PDF Total
W—lv £3.5% £0.07% +0.42% +0.61% +0.66% +11.0%
diboson +6.2% +0.28% +0.35% +0.63% +0.59% £9.0%
single top +6.9% +0.17% +0.29% +0.64% +£2.15% £9.4%
tt +4.3% +0.19% +0.49% +0.56% +0.11% +8.0%
Z—1 +4.6% +0.21% +0.29% +0.64% +1.66% +8.1%
QCD — — — — — +30%

signal +15-28% +0.1-5.4% +0.13-0.29% +£0.9-3.8% +0.06-4.6% £15-28%
7 Results

Table 3 shows the numbers of expected background events in our search regions, as well as the
observation. Only leptons with |dg| < 2cm are included in the search regions. In the case in
which zero events are predicted, we take the estimate from the previous search region with a
non-zero expected background yield. We denote this with a preceding “<” to indicate that this
is a conservative estimate.

Since we do not observe any significant excess over the background expectation, we set 95% CL
upper limits on the cross section for stop pair production at 8 TeV. This is done with a Bayesian
calculation with flat priors for the signal strength. These are then converted into upper lim-
its on the mass of the stop, where the cross section for each mass hypothesis is calculated at
NLO+NLL precision within a simplified model with decoupled squarks and gluinos [30-32].
We do this for each stop lifetime hypothesis that we consider. The resulting expected and ob-
served limit contours are shown in Figure 4 with the region to the left of the contours being
excluded. We are able to exclude stop masses up to 790 GeV for a lifetime of 2cm/c.
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Table 3: Numbers of expected and observed events in the three search regions. Background
and signal expectations are quoted as Ny, £ o(stat.) £ o(syst.). When the raw estimate of a
background is null in some search region, the estimate is instead taken from the preceding
region. Since this should strictly overestimate the background, we denote this by a preceding

“" 7”7
<"

Event Source

0.02 cm < |do| < 0.05 cm

0.05 cm < |dy| < 0.1 cm

|do| > 0.1 cm

other EWK 0.65+0.134+0.08 (0.89+0.534+0.11) x 1072 <(89+£53+11) x 10~*

top 0.767 £0.038 £0.061 (1.254+0.26+0.10) x 1072 (24+13+02) x 1074

Z—TT 3.93+0.42+0.32 (0.7340.7340.06) x 102 <(734+73+6) x 1074

QCD 127 +02+38 (98 +6+30) x 1072 (340 + 110 4 100) x 10~*

Total expected background 18.0£0.54+3.8 1.01 = 0.06 = 0.30 0.051 4= 0.015 £ 0.010

Observation 19 0 0
pp—ﬁlﬁ

M =500 GeV, (ct) =1 mm 30.1+074+1.1 6.54 4+ 0.34 +0.24 1.34 £0.1540.05

M =500 GeV, (ct) =1cm 353+0.8+1.3 3034+07+1.1 51.34+1.04+1.9

M =500 GeV, {(cT) =10 cm 4.7340.30 £0.17 5.57 4 0.32 £ 0.20 26.27 +0.70 4+ 0.93

=
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]
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o
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Figure 4: Expected and observed 95% CL exclusion contours for stop pair production in the
plane of stop (ct) and mass. The region to the left of the contours is excluded by this search.
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8 Conclusion

In summary, a search has been performed for new physics with an electron and muon in the
final state which are displaced transversely from the LHC luminous region, with no require-
ments made on jets or missing energy. The data sample corresponds to 19.7 fb~! of proton-
proton collisions recorded by the CMS detector at the LHC during the 2012 run at /s = 8 TeV.
No excess is observed above the estimated number of background events for displacements
up to 2cm. The results are interpreted in the context of a “displaced supersymmetry” model
with a pair-produced stop LSP having a lifetime up to 1 m/c. We place limits at 95% CL on
this model as a function of stop mass and stop lifetime. For a lifetime hypothesis of 2cm/c, we
exclude stops up to 790 GeV in mass.
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