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There are many well-motivated scenarios with long-lived particles with various mechanisms: 

off-shell propagators (Split SUSY), small mass splitting (AMSB), weak couplings (RPV SUSY)
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Motivation for long-lived searches

Producing'a'Signal'Model'to'Test'

•  Goal:'produce'private'MC'samples'of'

longQlived'sparHcle'decays'

•  GeneraHng'SUSY'processes'requires'a'

SUSY'Les'Houches'Accord'(SLHA)'file'

containing'all'the'parameters'(masses,'

widths,'branching'fracHons,'etc.)'

•  Started'from'an'SLHA'file'for'SPS'point'

1a,'a'standard'MSSM'benchmark'

scenario'

–  UserCode/DisplacedSUSY/SignalMC/

data/param_card.dat'

•  ProducHon'modes'considered'

1.  Gluino'pair'producHon'

2.  Stop'pair'producHon'

•  We'modified'the'gluino'and'stop'

masses'

–  Chose'masses'slightly'above'limits'of'

“naturalness”'

•  Neutralino'mass'not'altered'from'

standard'configuraHon,'shown'here'

because'it'affects'kinemaHcs'of'decays'

'
10/4/12' J.'Antonelli' 4'

“natural” BSM models 

are in tension with 

Run 1 LHC results 

Long-lived BSM, hidden from standard BSM searches, could restore a “veiled” naturalness

Now that the Higgs mechanism is real, so is the hierarchy problem
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Triggering on displaced jets gives sensitivity to a number of long 
lived scenarios: 

• Decays involving heavy intermediate states like Split 
Supersymmetry with long lived gluinos from heavy scalars 

• Decays involving hidden sectors, Hidden Valley Models 
• Long lived stops, long lived leptoquarks  

We can improve the signal efficiency relative to triggers inclusive in 
lifetime while probing (MET, HT) space not covered in the current 
menu. 

Long Lived Jet Motivation
g̃ q̃

j

χ̃/χ̃±

l/j/γ
mq̃ ≫ mg̃

Suppressed decay

⇤CC � M4
SUSY

⇤CC = 10�59TeV4

c⌧g̃ ⇡ 10�5m
⇣ mq̃

PeV

⌘4
✓
TeV

mg̃

◆5

O(Fine Tuning) ⇡ M2
EW /M2

SUSY

MSUSY ⇡ MEW =) MSUSY  1 TeV

s ⌧ q

1

Long-lived Gluinos

• Or can search for strongly 
produced gluinos that would be 
long-lived

• Decay via squarks 
suppressed

104 106 108 1010 1012 1014 1016 1018
110

120

130

140

150

160

Supersymmetry breaking scale in GeV

H
ig
gs
m
as
sm

h
in
G
eV

Predicted range for the Higgs mass

Split SUSY

High-Scale SUSY

tanb = 50
tanb = 4
tanb = 2
tanb = 1

Experimentally favored

Figure 8: NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower) and
Split Supersymmetry (red, upper) for tan� = {1, 2, 4, 50}. The thickness of the lower boundary at
tan� = 1 and of the upper boundary at tan� = 50 shows the uncertainty due to the present 1�
error on ↵s (black band) and on the top mass (larger colored band).

by tuning �⇤ or, in other words, by accurate variations of Mh and Mt. The existence of

the false vacuum depends critically on the exact values of the SM parameters and requires

dialing Mh and Mt by one part in 106. However, the exact value of the needed top mass has a

theoretical uncertainty, reduced down to ±0.5GeV thanks to our higher-order computation.

Note from fig. 7 that the field value where the false vacuum is positioned is larger than what

was reported in [6,18]. The corrections in eq. (52) [3,5] are mostly responsible for the larger

field values found in our analysis.

4.4 Supersymmetry

Our higher order computation of the relation between the Higgs mass and the Higgs quartic

coupling � has implications for any model that can predict �. If supersymmetry is present

at some scale m̃, then in the minimal model one finds the tree-level relation

�(m̃) =
1

8

⇥

g2(m̃) + g02(m̃)
⇤

cos2 2� . (70)
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Abstract

We present the first complete next-to-next-to-leading order analysis
of the Standard Model Higgs potential. We computed the two-loop
QCD and Yukawa corrections to the relation between the Higgs
quartic coupling (�) and the Higgs mass (Mh), reducing the theo-
retical uncertainty in the determination of the critical value of Mh

for vacuum stability to 1 GeV. While � at the Planck scale is re-
markably close to zero, absolute stability of the Higgs potential is
excluded at 98% C.L. for Mh < 126GeV. Possible consequences of
the near vanishing of � at the Planck scale, including speculations
about the role of the Higgs field during inflation, are discussed.
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28 6 Discovery Potential: Exotic New Particles

These assumptions allow us to rescale the results of [53] to both higher center of mass energy
and integrated luminosity with little difficulty. The results of this exercise are presented in
terms of cross section reach defined as the cross section for which an observed signal is expected
with a significance of at least 5 standard deviations (5s). Figures 24 and 25 show the expected
reach as a function of HSCP mass for hadron-like HSCP (stops and gluinos) and for lepton-like
staus (direct and inclusive production), respectively.
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Figure 24: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the pair production of gluinos (left) and of stops (right).

The results show that the additional integrated luminosity will allow us to be sensitive to long-
lived particles produced with a cross sections at least one order of magnitude lower than what
has been excluded by [53]. It should be noted that the models considered in this search are
simple benchmarks and the search for long-lived particles even in the already excluded mass
range must be continued. This is because the exclusion results rely entirely on theoretical cross
section predictions made in the context of a given model (e.g., Split SUSY, GMSB), while the
analysis itself is signature-based and mostly decoupled from any given theoretical model. For
example, it is known from past studies [54] that the sensitivity to lepton-like HSCPs in Uni-
versal Extra Dimension (UED) models is significantly less due to their lower production cross
sections. The cross section limits should therefore be pushed as low as possible regardless of
the excluded mass range as interpreted in the context of a few popular benchmark models.

6.4 Search for Heavy Vector-like Charge 2/3 Quarks

Vector-like quarks differ from SM quarks in their electroweak couplings. Whereas SM quarks
have a V-A coupling to the W boson, i.e. their left and right-handed states couple differently to
the W boson, vector-like quarks have only vector coupling to the W boson. One can thus write
a mass term for them that does not violate gauge invariance without the need for a Yukawa
coupling to the Higgs boson. Vector-like quarks are predicted, for example, by Little Higgs
models [55, 56]. They can cancel the diverging contributions of top quark loops to the Higgs
boson mass offering an alternative solution to the hierarchy problem.

We search for a vector-like T quark with charge +2/3, which is pair produced together with its

However, Higgs data suggest more of a “mini” 
split with cτ << radius of detector

If the split is large, sensitivity from heavy 
stable particle searches to > 2 TeV

23
3

CMS has other searches for non-prompt decays,  

but they focus on very long lifetimes and spectacular signatures 

A 126 GeV Higgs favors shorter lifetimes for 
BSM particles (⟨cτ⟩ ~100 µm - 1 cm)  
This search targets this range.   
It is designed to explore the gap between 
prompt and very long-lived signatures

CMS-EXO-12-036 CMS-EXO-12-026

CMS-EXO-12-038

Motivation for this search
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RPV Interactions
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arXiv:1204.6038v1 
small RPV couplings generate long-lived LSP 
we consider a stop LSP, decaying as t→bl± 

we perform a search in the eμ final state

~

Displaced SUSY used as benchmark model
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1 Introduction and Theoretical Motivation

t̃t̃ ! be bµ

The discovery of a new boson with a mass of roughly 126 GeV
[1, 2], whose properties are, to-date, consistent with a stan-
dard model (SM) Higgs boson, has underscored the impor-
tance of investigating models that are designed to account
for the mathematical inconsistencies that are consequences
of introducing the Higgs potential.

For this search, the most relevant of these unsolved issues

beamspot

x

y

z

CMS Simulation

good S/B separation  
easily achievable in d0

transverse impact parameter (d0): distance of 
closest approach of lepton track to beamspot



J. Antonelli      DPF 2015, Aug 4th 5

μ d0 [cm]

e 
d 0

 [c
m

]

preselected events to have an electron and a muon candi-
date, two jets with pT > 30 GeV and jηj < 2.4, and at least
one b-tagged jet, selected with the medium working point
of the combined secondary vertex algorithm [45,46]. The
ratio of efficiencies for data and simulated tt̄ events to pass
the trigger requirements is used as a correction factor. This
scale factor is calculated to be 0.981! 0.004 and is applied
to all the simulated data sets used in the search.
There are two SM sources of leptons with large

displacements that constitute the dominant backgrounds
to this search: HF states, which can have lifetimes of
τ ≈ 0.05 cm=c, and tau leptons (τ ≈ 0.0087 cm=c), which
come mainly from Z → ττ decays. The HF estimate is
derived from the data-driven approach described below,
while the Z → ττ estimate, as well as other subdominant
background estimates, are taken from the simulation.
The HF estimate is obtained using data collected on the

same trigger described above. A modified preselection is
then applied, which excludes the requirements on lepton
isolation and the sign of the lepton charge product. We then
use these two uncorrelated variables to define four non-
overlapping regions. We calculate the ratio of events in two
of the four regions and apply this ratio to the number of
events in the third region to obtain an estimate of the
number of HF events in the fourth region. We define four
regions corresponding to the following: isolated leptons
whose charges have the opposite sign (iso OS); isolated
leptons whose charges have the same sign (iso SS);
opposite sign leptons that are both anti-isolated (anti-iso
OS); and same sign leptons that are both anti-isolated
(anti-iso SS). The iso OS region corresponds to the standard
preselection criteria, while the other three regions are
expected to contain primarily HF events. The small con-
tributions in these three regions from sources other than HF
are subtracted using the simulation. We then calculate the
ratio of the number of HF events in the iso SS region to the
number of HF events in the anti-iso SS region. We construct
a HF background data set by taking events in the anti-iso
OS region and normalizing them to the iso OS region using
this ratio. We use the impact parameter distributions from
this data set, then apply the d0 selections described above
to obtain an estimate of the HF yield in the signal regions.
Figure 1 shows the d0 distributions for background and
data after the preselection requirements. The background
prediction is 162! 9 ðstatÞ ! 17 ðsystÞ events and the
observation is 154 events.
For each source of background that is estimated from

simulation, we calculate the efficiency for the selected
electron and muon to pass the d0 selections separately, in
order to overcome statistical limitations associated with
sparsely populated regions of the simulated distributions.
We then estimate the number of events that satisfy both d0
criteria by multiplying the two efficiencies and applying
this factor to the events that satisfy the preselection criteria.
In cases in which this method results in an estimated yield

of zero events, we use the yield calculated from the less
exclusive neighboring search region, which should always
overestimate the background in that bin. This technique
produces virtually identical limits to simply using a null
estimate in these cases.
There are several sources of systematic uncertainty in

this search. Cross section uncertainties for simulated data
sets range from 4% to 8% for the SM background and 15%
to 28% for the signal process. Following the official
PDF4LHC recommendation [47], we obtain PDF uncer-
tainties using an envelope of several PDF sets, ranging from
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FIG. 1 (color online). Lepton transverse impact parameter
distributions for data and expected background processes after
the preselection requirements have been applied, for electrons
(top) and muons (bottom). The signal expected from 500 GeV top
squark pair production is overlaid for cτ ¼ 0.1, 1, and 10 cm.
The event yields per bin have been rescaled to account for the
varying bin sizes. The rightmost bin of each plot contains the
overflow entries.
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preselected events to have an electron and a muon candi-
date, two jets with pT > 30 GeV and jηj < 2.4, and at least
one b-tagged jet, selected with the medium working point
of the combined secondary vertex algorithm [45,46]. The
ratio of efficiencies for data and simulated tt̄ events to pass
the trigger requirements is used as a correction factor. This
scale factor is calculated to be 0.981! 0.004 and is applied
to all the simulated data sets used in the search.
There are two SM sources of leptons with large

displacements that constitute the dominant backgrounds
to this search: HF states, which can have lifetimes of
τ ≈ 0.05 cm=c, and tau leptons (τ ≈ 0.0087 cm=c), which
come mainly from Z → ττ decays. The HF estimate is
derived from the data-driven approach described below,
while the Z → ττ estimate, as well as other subdominant
background estimates, are taken from the simulation.
The HF estimate is obtained using data collected on the

same trigger described above. A modified preselection is
then applied, which excludes the requirements on lepton
isolation and the sign of the lepton charge product. We then
use these two uncorrelated variables to define four non-
overlapping regions. We calculate the ratio of events in two
of the four regions and apply this ratio to the number of
events in the third region to obtain an estimate of the
number of HF events in the fourth region. We define four
regions corresponding to the following: isolated leptons
whose charges have the opposite sign (iso OS); isolated
leptons whose charges have the same sign (iso SS);
opposite sign leptons that are both anti-isolated (anti-iso
OS); and same sign leptons that are both anti-isolated
(anti-iso SS). The iso OS region corresponds to the standard
preselection criteria, while the other three regions are
expected to contain primarily HF events. The small con-
tributions in these three regions from sources other than HF
are subtracted using the simulation. We then calculate the
ratio of the number of HF events in the iso SS region to the
number of HF events in the anti-iso SS region. We construct
a HF background data set by taking events in the anti-iso
OS region and normalizing them to the iso OS region using
this ratio. We use the impact parameter distributions from
this data set, then apply the d0 selections described above
to obtain an estimate of the HF yield in the signal regions.
Figure 1 shows the d0 distributions for background and
data after the preselection requirements. The background
prediction is 162! 9 ðstatÞ ! 17 ðsystÞ events and the
observation is 154 events.
For each source of background that is estimated from

simulation, we calculate the efficiency for the selected
electron and muon to pass the d0 selections separately, in
order to overcome statistical limitations associated with
sparsely populated regions of the simulated distributions.
We then estimate the number of events that satisfy both d0
criteria by multiplying the two efficiencies and applying
this factor to the events that satisfy the preselection criteria.
In cases in which this method results in an estimated yield

of zero events, we use the yield calculated from the less
exclusive neighboring search region, which should always
overestimate the background in that bin. This technique
produces virtually identical limits to simply using a null
estimate in these cases.
There are several sources of systematic uncertainty in

this search. Cross section uncertainties for simulated data
sets range from 4% to 8% for the SM background and 15%
to 28% for the signal process. Following the official
PDF4LHC recommendation [47], we obtain PDF uncer-
tainties using an envelope of several PDF sets, ranging from

 [cm]0Electron d

E
nt

rie
s 

/ 0
.0

1 
cm

-310

-210

-110

1

10

210

310
Data
Stat. & syst. errors

ττ→Z
HF
Other EW
Top quark

 = 0.1 cm)τ (ct~t~

 = 1 cm)τ (ct~t~

 = 10 cm)τ (ct~t~
 = 0.1 cm)τ (ct~t~

 = 1 cm)τ (ct~t~

 = 10 cm)τ (ct~t~

CMS

 (8 TeV)-119.7 fb

 [cm]0Muon d

E
nt

rie
s 

/ 0
.0

1 
cm

-310

-210

-110

1

10

210

310
Data
Stat. & syst. errors

ττ→Z
HF
Other EW
Top quark

 = 0.1 cm)τ (ct~t~

 = 1 cm)τ (ct~t~

 = 10 cm)τ (ct~t~

 = 0.1 cm)τ (ct~t~

 = 1 cm)τ (ct~t~

 = 10 cm)τ (ct~t~

CMS

 (8 TeV)-119.7 fb

0 0.1 0.2 0.3 0.4 0.5

0 0.1 0.2 0.3 0.4 0.5

FIG. 1 (color online). Lepton transverse impact parameter
distributions for data and expected background processes after
the preselection requirements have been applied, for electrons
(top) and muons (bottom). The signal expected from 500 GeV top
squark pair production is overlaid for cτ ¼ 0.1, 1, and 10 cm.
The event yields per bin have been rescaled to account for the
varying bin sizes. The rightmost bin of each plot contains the
overflow entries.
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Simple event selection employed
1: Preselection 

e-μ pair passing: 
|η| < 2.5 

pT > 25 GeV 
lepton ID/isolation* 

ΔR(l,jet) > 0.5 
100 μm < d0 < 2 cm 

ΔR(e,μ) > 0.5 
qe * qμ = -1

2: Signal Regions (SR)  
preselection + d0 cuts: 

  SR1: 200 μm < d0 < 500 μm 
  SR2: 500 μm < d0 < 1000 μm 
  SR3: 1000 μm < d0 < 2 cm 

d0 spectra after preselection 

having multiple signal regions 
ensures acceptance across 

different signal lifetimes
*modified to be efficient 

for displaced leptons
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1. Heavy Flavor QCD decays (referred to as “QCD”) 
•  Real displacement due to B,D meson lifetime 
•  data-driven technique 

2. Z→ττ→eμ(νννν) 
•  Real displacement due to τ lifetime 
•  taken from MC prediction after validating in control regions 

3. Prompt SM backgrounds 
• W→lν+jets, Z→ee/μμ, ttbar, single top, diboson 
•  <10% of background, taken from (validated) MC prediction

6

Three background sources estimated
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SS OS

isolated

anti-isolated

isolated

anti-isolated

SS OS

A

C D

B

C
A

D
B= ⇒B DC

A= ×

We estimate the largest background (QCD) 
directly from the data

QCD cross sections are so large, simulating ~20/fb worth of events is impractical 

Invert the isolation and/or opposite charge requirements 
to create QCD-dominated control regions (A,C,D) 

Measuring the events in data in regions A,C,D lets us 
calculate the expected QCD yield in our target region (B) 

We scale the data in region D to the expected yield in 
region B to obtain d0 templates 

Orthogonal B-enriched control regions  
(collected with jet triggers) are use to verify that d0 is 
uncorrelated with isolation 

Uncertainty on this method (30%) is dominated by the 
number of events in region A
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We validate the background predictions 
in multiple control regions

7

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 |d0|
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 |d0| 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!tt 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!ln)+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!tt process
preferentially produces leptons that are back-to-back in f, we require the two leptons to be
separated in f by more than 2.5. This also helps reject signal events, in which the leptons are
generally isotropically distributed in f. 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!tt control region, for data and simulation. A good agreement
between the distributions in data and simulation for this process at high |d0| justifies using the
simulation to extract the Z!tt background estimate.
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Figure 2: Lepton transverse impact parameter spectra of electrons (left) and muons (right) in
Z!tt control region, up to 5000 µm and 500 µm, 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 |d0| that define our signal regions, we verify

Z→ττ control region: 
meant to verify accuracy of simulation 
for displaced leptons 

defined as preselection  
+ additional cuts:  
    MT(l,MET) < 50 GeV (rejects W) 

HT < 100 GeV (rejects QCD, di-top) 
    Δφ(e,μ) > 2.5 (enriches Z→ττ) μ d0 [cm]

e 
d 0

 [c
m

]

4.3 Trigger efficiency corrections 5

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 |d0| < 200 µm and the other lepton is required to have |d0| > 100 µm.
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 |d0| 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 |d0| 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 |d0| > 200 µm. 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

4.3 Trigger efficiency corrections 5

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 |d0| < 200 µm and the other lepton is required to have |d0| > 100 µm.
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 |d0| 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 |d0| 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 |d0| > 200 µm. 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

prompt lepton control region: 
preselection + inverted d0 cut on 1 lepton

small d0 ensures no 
signal contribution 
  
simultaneously 
verifies simulation 
and QCD estimate 
at large d0
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We apply a 4% efficiency correction to simulated backgrounds
- We assign a systematic uncertainty of 8% per event (2 leptons/event)
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1% to 5%. The PDF and cross section uncertainties are
propagated into the limits for all simulated data sets. The
luminosity estimate, based on the pixel cluster counting
method [48], has an uncertainty of 2.6%. For the displaced
track reconstruction efficiency, the (4%) correction is
correlated for each lepton, resulting in a 8.0% systematic
uncertainty per event. The uncertainty in the data-driven
HF estimate is 30% and is dominated by the limited size of
the sample used. Uncertainties in trigger efficiency, pileup
correction, and lepton correction factors are calculated
and incorporated but are small compared to the previously
mentioned uncertainties.
Table I shows the numbers of observed and expected

background events in the three search regions. We do not
observe any significant excess over the background expect-
ation. We set 95% confidence level (CL) upper limits on
the cross section for top squark pair production at 8 TeV.
We perform this as a simultaneous counting experiment in
three bins of the three search regions. We use a Bayesian
calculation assuming a flat prior for the signal as a function
of top squark mass. Nuisance parameters arising from
statistical uncertainties are modeled as gamma distribu-
tions, while all others are modeled as log-normal distribu-
tions. These cross section limits are translated into upper
limits on the top squark mass, where the cross section for
each mass hypothesis is calculated at next-to-leading-order
and next-to-leading-logarithmic precision within a simpli-
fied model with decoupled squarks and gluinos [49–51].
The resulting expected and observed limit contours are
shown in Fig. 2. The region to the left of the contours is
excluded. For a lifetime of cτ ¼ 2 cm, we exclude top
squark masses up to 790 GeV, to be compared with a value
of 780 GeV expected in the absence of any signal.
In summary, a search has been performed for new

physics with an electron and muon with opposite charges
having a signature of large impact parameter values, with
no requirements made on jets or missing transverse
energy. No excess is observed above background for

displacements up to 2 cm. While this search is expected
to have sensitivity to a wide range of theoretical models,
the results are interpreted in the context of a displaced
supersymmetry model [1] with a pair-produced top
squark having a lifetime between cτ ¼ 0.02 cm and
cτ ¼ 100 cm. Limits are placed at 95% C.L. on this
model as a function of top squark mass and lifetime.
For a lifetime hypothesis of cτ ¼ 2 cm, top squark masses
up to 790 GeVare excluded. These are the most restrictive
limits obtained to date on this model.

TABLE I. Numbers of expected and observed events in the three search regions (see the text for the definitions of these regions).
Background and signal expectations are quoted as Nexp " 1σðstatÞ " 1σðsystÞ. If the estimated background is zero in a particular search
region, the estimate is instead taken from the preceding region. Since this should always overestimate the background, we denote this
by a preceding “<” symbol.

Event source SR1 SR2 SR3

Other EW 0.65" 0.13" 0.09 ð0.89" 0.53" 0.12Þ × 10−2 < ð89" 53" 12Þ × 10−4

Top quark 0.77" 0.04" 0.08 ð1.25" 0.26" 0.12Þ × 10−2 ð2.4" 1.3" 0.2Þ × 10−4

Z → ττ 3.93" 0.42" 0.39 ð0.73" 0.73" 0.07Þ × 10−2 < ð73" 73" 7Þ × 10−4

HF 12.7" 0.2" 3.8 ð98" 6" 30Þ × 10−2 ð340" 110" 100Þ × 10−4

Total expected background 18.0" 0.5" 3.8 1.01" 0.06" 0.30 0.051" 0.015" 0.010
Observed 19 0 0
pp → ~t~t% (M~t ¼ 500 GeV)
cτ ¼ 0.1 cm 30.1" 0.7" 5.3 6.54" 0.34" 1.16 1.34" 0.15" 0.24
cτ ¼ 1 cm 35.3" 0.8" 6.2 30.3" 0.7" 5.3 51.3" 1.0" 9.0
cτ ¼ 10 cm 4.73" 0.30" 0.83 5.57" 0.32" 0.98 26.3" 0.7" 4.6
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FIG. 2 (color online). Expected and observed 95% C.L. cross
section exclusion contours for top squark pair production in the
plane of top squark lifetime (cτ) and top squark mass. These
limits assume a branching fraction of 100% through the RPV
vertex ~t → bl, where the branching fraction to any lepton flavor is
equal to 1=3. As indicated in the plot, the region to the left of the
contours is excluded by this search.

PRL 114, 061801 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

13 FEBRUARY 2015

061801-4

Limits set over four decades of lifetime

1% to 5%. The PDF and cross section uncertainties are
propagated into the limits for all simulated data sets. The
luminosity estimate, based on the pixel cluster counting
method [48], has an uncertainty of 2.6%. For the displaced
track reconstruction efficiency, the (4%) correction is
correlated for each lepton, resulting in a 8.0% systematic
uncertainty per event. The uncertainty in the data-driven
HF estimate is 30% and is dominated by the limited size of
the sample used. Uncertainties in trigger efficiency, pileup
correction, and lepton correction factors are calculated
and incorporated but are small compared to the previously
mentioned uncertainties.
Table I shows the numbers of observed and expected

background events in the three search regions. We do not
observe any significant excess over the background expect-
ation. We set 95% confidence level (CL) upper limits on
the cross section for top squark pair production at 8 TeV.
We perform this as a simultaneous counting experiment in
three bins of the three search regions. We use a Bayesian
calculation assuming a flat prior for the signal as a function
of top squark mass. Nuisance parameters arising from
statistical uncertainties are modeled as gamma distribu-
tions, while all others are modeled as log-normal distribu-
tions. These cross section limits are translated into upper
limits on the top squark mass, where the cross section for
each mass hypothesis is calculated at next-to-leading-order
and next-to-leading-logarithmic precision within a simpli-
fied model with decoupled squarks and gluinos [49–51].
The resulting expected and observed limit contours are
shown in Fig. 2. The region to the left of the contours is
excluded. For a lifetime of cτ ¼ 2 cm, we exclude top
squark masses up to 790 GeV, to be compared with a value
of 780 GeV expected in the absence of any signal.
In summary, a search has been performed for new

physics with an electron and muon with opposite charges
having a signature of large impact parameter values, with
no requirements made on jets or missing transverse
energy. No excess is observed above background for

displacements up to 2 cm. While this search is expected
to have sensitivity to a wide range of theoretical models,
the results are interpreted in the context of a displaced
supersymmetry model [1] with a pair-produced top
squark having a lifetime between cτ ¼ 0.02 cm and
cτ ¼ 100 cm. Limits are placed at 95% C.L. on this
model as a function of top squark mass and lifetime.
For a lifetime hypothesis of cτ ¼ 2 cm, top squark masses
up to 790 GeVare excluded. These are the most restrictive
limits obtained to date on this model.

TABLE I. Numbers of expected and observed events in the three search regions (see the text for the definitions of these regions).
Background and signal expectations are quoted as Nexp " 1σðstatÞ " 1σðsystÞ. If the estimated background is zero in a particular search
region, the estimate is instead taken from the preceding region. Since this should always overestimate the background, we denote this
by a preceding “<” symbol.

Event source SR1 SR2 SR3

Other EW 0.65" 0.13" 0.09 ð0.89" 0.53" 0.12Þ × 10−2 < ð89" 53" 12Þ × 10−4

Top quark 0.77" 0.04" 0.08 ð1.25" 0.26" 0.12Þ × 10−2 ð2.4" 1.3" 0.2Þ × 10−4

Z → ττ 3.93" 0.42" 0.39 ð0.73" 0.73" 0.07Þ × 10−2 < ð73" 73" 7Þ × 10−4

HF 12.7" 0.2" 3.8 ð98" 6" 30Þ × 10−2 ð340" 110" 100Þ × 10−4

Total expected background 18.0" 0.5" 3.8 1.01" 0.06" 0.30 0.051" 0.015" 0.010
Observed 19 0 0
pp → ~t~t% (M~t ¼ 500 GeV)
cτ ¼ 0.1 cm 30.1" 0.7" 5.3 6.54" 0.34" 1.16 1.34" 0.15" 0.24
cτ ¼ 1 cm 35.3" 0.8" 6.2 30.3" 0.7" 5.3 51.3" 1.0" 9.0
cτ ¼ 10 cm 4.73" 0.30" 0.83 5.57" 0.32" 0.98 26.3" 0.7" 4.6
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FIG. 2 (color online). Expected and observed 95% C.L. cross
section exclusion contours for top squark pair production in the
plane of top squark lifetime (cτ) and top squark mass. These
limits assume a branching fraction of 100% through the RPV
vertex ~t → bl, where the branching fraction to any lepton flavor is
equal to 1=3. As indicated in the plot, the region to the left of the
contours is excluded by this search.
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three bin counting experiment performed 
using the orthogonal signal regions 

best limit: M > 790 GeV for a stop lifetime of 2 cm 

sensitivity bounded at short lifetime by large QCD 
background and at high lifetime by efficiencies of 
lepton triggering and reconstruction algorithms
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Object selection efficiencies parametrized for easy 
recasting
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/DisplacedSusyParametrisationStudyForUser

our simple event selection makes it easy to describe the selection efficiencies  
in terms of generator-level quantities

full offline selection efficiency can 
be attained by a combination of:

1. applying fiducial cuts on 
simulated particles 

2. reweighting simulated particles 
using the provided efficiency curves 

lepton reconstruction efficiencies  
as a function of d0 

lepton selection efficiencies  
as a function of pT  
(includes pT, ID, isolation cuts)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/DisplacedSusyParametrisationStudyForUser
https://twiki.cern.ch/twiki/bin/view/CMSPublic/DisplacedSusyParametrisationStudyForUser
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We have performed a search for displaced decays containing leptons  

in an OS e-μ final state, PRL result linked here 

Our very simple event selection (no common vertex, MET, HT cuts) makes the results 

applicable to a wide range of models (recasting made easy by providing selection 

efficiency curves)

We’ve just scratched the surface of this landscape

!  Muon reconstruction efficiency as a function of the production radius, for muons from 
the direct decay  stop → b + µ  (with muon pT > 10 GeV and |η| < 2.4) 

!  Standard algorithms for muon-only (black) and tracker+muon (red) reconstruction, 
compared with the new algorithms for displaced-muon reconstruction: Displaced 
Standalone (blue) and Displaced Global (magenta)  

Displaced Global Muons: Efficiency 

Simulated signal process:  

!  PYTHIA8 stop pair production  

―  M(stop) = 200 GeV,  cτ = 1 m 

―  Decay:  stop → b + ℓ   

!  Flat average pileup distribution 10-50 
events 

!  Bunch spacing: 25 nsc 

There are many straightforward extensions 

to be done at 13 TeV, e.g.: 

- Same flavor leptons 

- Same-sign leptons 

We’ve increased our lepton acceptance in 

preparation for Run 2, e.g. displaced muon algorithm

εμ (Run 1) 

εμ (Run 2)

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.061801

