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Motivation

• Collider signatures from long-lived massive 
particles are relatively free from SM 
backgrounds. 

• Conventional searches are limited to impact 
parameters below ~ 1mm. 

• Heavy flavor (500 µm). 

• tau decays (87 µm ).

• Most searches incorporate track quality cuts 
with requirements on the impact parameter. 

• Use impact-parameter-based tagging (b’s). 
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Motivation

• Signatures from decays of long-lived particles 
r equi r e d ed i ca t ed t r iggers and non-
conventional particle reconstructions methods. 

• Most searches are signature driven: 

• R-parity violation.. 

• SUSY breaking (AMSB, GMSB) 

• Hidden valleys, Mini-split, etc…

• Recast long-lived searches to more general 
frameworks (Complementary with prompt 
searches and compressed spectra). 



Portoroz 2015, April 7 2015

Simplified Model

• Long-lived colored electroweak-singlet scalar 
coupled to the right-handed top quark and a 
dark fermion.

L = ��⇤X̄PRt+ H.c
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Simplified Model

• Long-lived colored electroweak-singlet scalar 
coupled to the right-handed top quark and a 
dark fermion.

L = ��⇤X̄PRt+ H.c

� : (3, 1, 2/3) X : (1, 1, 0)
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Simplified Model

• Lifetime depends on coupling and/or spectrum. 13

1. Limits from jets+MET

ψ

ψ†

t/c/u

NR

t̄/c̄/ū
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FIG. 8. Leading order Feynman diagrams the lead to jets plus MET final states at the LHC. The diagram on the left will also
lead to a tt̄ plus MET signature and can be constrained by searches for scalar top pair production [62].

In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.
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FIG. 9. Leading order Feynman diagrams that lead to jets plus MET final states at the LHC and that enhance the production
rate at large yt,c,u

ψ . The diagram on the right contributes to same-sign top (anti-top) production at the LHC.

The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.
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Simplified Model

• Lifetime depends on coupling and/or spectrum.
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•  Regions correspond to 
lifetimes in the range 
0.1 - 10 mm/c. 

•  Dashed lines denote a 
decay length of 0.1 mm.
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Simplified Models

• For lifetimes between 0.1 and 100 mm, colored 
scalar has enough time to hadronize. Additional 
jets in the decay can be expected.

• Focus on parton-level analysis to probe this 
range of decay lengths at CMS and ATLAS.
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Promp Searches

• For lifetimes between 0.1 and 100 mm, colored 
scalar has enough time to hadronize. Additional 
jets in the decay can be expected.

• Expect prompt SUSY searches to have suppressed 
sensitivity…
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Promp Searches

• Conventional searches are limited to impact 
parameters below ~ 1mm.
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Promp Searches

• Conventional searches are limited to impact 
parameters below ~ 1mm.

•  CMS lepton performance for 
reconstruction efficiency. 

•  Isolation, Il<10% within 
cone of 0.3.
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Promp Searches

• Jet must have at least one 
well-reconstructed charged 
track.

• Most searches incorporate track quality cuts 
with requirements on the impact parameter. 

• Use impact-parameter-based tagging. 
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Promp Searches
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Table 4: Event yields observed in data and fit results with their associated uncertainties in bins
of HT for events in the signal region that are categorised according to njet and nb. The final
HT > 375 GeV bin is inclusive for the njet � 4 and nb � 4 category.

HT bin [GeV]
njet nb 275–325 325–375 375–475 475–575 575–675 675–775 775–875 875–•

SM 2–3 0 6235+100
�67 2900+60

�54 1955+34
�39 558+14

�15 186+11
�10 51.3+3.4

�3.8 21.2+2.3
�2.2 16.1+1.7

�1.7
Data 2–3 0 6232 2904 1965 552 177 58 16 25

SM 2–3 1 1162+37
�29 481+18

�19 341+15
�16 86.7+4.2

�5.6 24.8+2.8
�2.7 7.2+1.1

�1.0 3.3+0.7
�0.7 2.1+0.5

�0.5
Data 2–3 1 1164 473 329 95 23 8 4 1

SM 2–3 2 224+15
�14 98.2+8.4

�6.4 59.0+5.2
�6.0 12.8+1.6

�1.6 3.0+0.9
�0.7 0.5+0.2

�0.2 0.1+0.1
�0.1 0.1+0.1

�0.1
Data 2–3 2 222 107 58 12 5 1 0 0

SM �4 0 1010+34
�24 447+19

�16 390+19
�15 250+12

�11 111+9
�7 53.3+4.3

�4.3 18.5+2.4
�2.4 19.4+2.5

�2.7
Data �4 0 1009 452 375 274 113 56 16 27

SM �4 1 521+25
�17 232+15

�12 188+12
�11 106+6

�6 42.1+4.1
�4.4 17.9+2.2

�2.0 9.8+1.5
�1.4 6.8+1.2

�1.1
Data �4 1 515 236 204 92 51 13 13 6

SM �4 2 208+17
�9 103+9

�7 85.9+7.2
�6.9 51.7+4.6

�4.7 19.9+3.4
�3.0 6.8+1.2

�1.3 1.7+0.7
�0.4 1.3+0.4

�0.3
Data �4 2 204 107 84 59 24 5 1 2

SM �4 3 25.3+5.0
�4.2 11.7+1.7

�1.8 6.7+1.4
�1.2 3.9+0.8

�0.8 2.3+0.6
�0.6 1.2+0.3

�0.4 0.3+0.2
�0.1 0.1+0.1

�0.1
Data �4 3 25 13 4 2 2 3 0 0

SM �4 �4 0.9+0.4
�0.7 0.3+0.2

�0.2 0.6+0.3
�0.3 – – – – –

Data �4 �4 1 0 2 – – – – –
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Figure 3: Event yields observed in data (solid circles) and SM expectations with their associated
uncertainties (solid lines with bands) in bins of HT for the signal region when requiring exactly
zero b-quark jets and 2  njet  3 (left) or njet � 4 (right). For illustration only, the expectations
for the reference mass points of the signal models D1 (left, red dashed line) and G1 (right, red
dashed line) are superimposed on the SM-only expectations. (Colour figure online.)
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The CMS Collaboration⇤

Abstract

An inclusive search for supersymmetric processes that produce final states with jets
and missing transverse energy is performed in pp collisions at a centre-of-mass en-
ergy of 8 TeV. The data sample corresponds to an integrated luminosity of 11.7 fb�1

collected by the CMS experiment at the LHC. In this search, a dimensionless kine-
matic variable, aT, is used to discriminate between events with genuine and misre-
constructed missing transverse energy. The search is based on an examination of the
number of reconstructed jets per event, the scalar sum of transverse energies of these
jets, and the number of these jets identified as originating from bottom quarks. No
significant excess of events over the standard model expectation is found. Exclusion
limits are set in the parameter space of simplified models, with a special emphasis
on both compressed-spectrum scenarios and direct or gluino-induced production of
third-generation squarks. For the case of gluino-mediated squark production, gluino
masses up to 950–1125 GeV are excluded depending on the assumed model. For the
direct pair-production of squarks, masses up to 450 GeV are excluded for a single light
first- or second-generation squark, increasing to 600 GeV for bottom squarks.

Published in the European Physical Journal C as doi:10.1140/epjc/s10052-013-2568-6.

c� 2013 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license
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Promp Searches

• Use validated analyses from Checkmate for third-
generation scalar quark pair production. 
1. 1l + ≥ 4j + MET (ATLAS-CONF-2012-104) 
2. 0l + 6(2b-jets) + MET (CONF-2013-024) 
3. 2-6 jets +MET (CONF-2013-047) 
4. 2l + jets + MET(razor) (CONF-2013-089) 

5. 2jets + b-jet mult. + MET(⍺T) (CMS-1303-2085) 
6. monojet + MET (CONF-2012-147)

CheckMate-arXiv:1312.2591
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Figure 3: Event yields observed in data (solid circles) and SM expectations with their associated
uncertainties (solid lines with bands) in bins of HT for the signal region when requiring exactly
zero b-quark jets and 2  njet  3 (left) or njet � 4 (right). For illustration only, the expectations
for the reference mass points of the signal models D1 (left, red dashed line) and G1 (right, red
dashed line) are superimposed on the SM-only expectations. (Colour figure online.)
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Promp Searches

• Use validated analyses from Checkmate for third-
generation scalar quark pair production. 
1. 1l + ≥ 4j + MET (ATLAS-CONF-2012-104) 
2. 0l + 6(2b-jets) + MET (CONF-2013-024) 
3. 2-6 jets +MET (CONF-2013-047) 
4. 2l + jets + MET(razor) (CONF-2013-089) 

5. 2jets + b-jet mult. + MET(⍺T) (CMS-1303-2085) 
6. monojet + MET (CONF-2012-147)

CheckMate-arXiv:1312.2591
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• Promising for light stop window of the MSSM 
(Delgado,Giudice, Isidori,Pierini, Strumi; 
Kriska, Kumar, Morrissey).
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Long-lived searches

displaced jets                                             .                     
lepton jets                                             .                     

displaced leptons                                             .                     
displaced vertices                                             . 

displaced / delayed photons                                             .                     
prompt RPV                                             .                     

stopped particles                                             .                     
heavy stable charged particles                                             .                     

disappearing tracks                                             .                     
reinterpretations                                             .                     

 JHEP 07 (2013) 122        JHEP 01, 068 (2015)
ATLAS-CONF-2015-013 & ATLAS Preliminary

Many recent results

7

Region of BSM particle decay
Phys. Rev. D 91, 012007 (2015)

Phys. Lett. B 743, 15 (2015)
ATLAS Preliminary 

JHEP 11, 088 (2014)

 arXiv:1411.6977 & EXO-14-012 PAS 
Phys. Rev. Lett. 114, 061801 (2015)

Phys. Rev. D 90, 112005 (2014)

arXiv:1502.05686 &  arXiv:1503.04430 
ATLAS-CONF-2015-015

 Phys. Rev. D 88, 112006 (2013)
arXiv:1501.05603

Phys. Rev. D 88, 112003 (2013)
JHEP 01 (2015) 096

ATLAS-CONF-2014-037 
arXiv:1502.02522

LL particle may be
neutral or charged (or both)

1 7 m3

NEW!

NEW!

NEW!

NEW!

ATLAS Preliminary (paper in preparation)NEW!

Wells Wulsin, Moriond 2015
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• Some backgrounds are difficult to simulate… 
most are data driven…
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Long-lived searches

• Search for long-lived neutral particles decaying 
to quark-anitquark pairs (CMS-EXO-12-038) 

• HT>325 GeV. 

• Jets with pT>60 GeV. 

• At least two jets cannot have more than 
two tracks with |d0|<0.3 mm. 

• No more than 15% of energy is carried 
away by tracks with impact parameter 
below 0.5 mm.

13

1. Limits from jets+MET
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FIG. 8. Leading order Feynman diagrams the lead to jets plus MET final states at the LHC. The diagram on the left will also
lead to a tt̄ plus MET signature and can be constrained by searches for scalar top pair production [62].

In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.
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FIG. 9. Leading order Feynman diagrams that lead to jets plus MET final states at the LHC and that enhance the production
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ψ . The diagram on the right contributes to same-sign top (anti-top) production at the LHC.

The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.
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Long-lived searches

• Search for long-lived heavy particles in final 
states with a muon and a multitrack displaced 
vertex (ATLAS-CONF-2013-092) 

• Reconstructed muon with pT>55 GeV 
from a displaced vertex (only muon 
chamber). 

• >4 tracks from displaced vertex.
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In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.

c/u ψ

c/u(c̄/ū)
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The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.

�

�⇤

X

X

t f

f̄ 0

b

W



Portoroz 2015, April 7 2015

Long-lived searches

• Search for displaced SUSY in events with an 
electron and a muon with large impact 
parameters (B2G-12-024). 

• Opposite-sign lepton pair with large 
impact parameters. 

• No requirement on vertex formation, 
hadronic activity or MET.
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In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.
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The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.
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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
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Figure 5. Fraction of events as a function of the electron’s transverse impact parameter, |d0|e. The
top left figure corresponds to a colored electroweak-singlet scalar decay length of 0.1 mm while the
top right figure corresponds to 1 mm. The figure at the bottom corresponds to a decay length of 10
mm.

reconstruction, ✏
iso+reco

. The functional behavior is the same but there is an overall drop in

the isolation + reconstruction e�ciency. In order to accurately reproduce the Z ! ⌧+⌧� and

tt̄ backgrounds in the CMS analysis we use the full ✏
iso+reco

functions.

We simulate the signal pertaining to the model described in the previous section for three

colored electroweak-singlet scalar decay lengths: 0.1, 1 and 10 mm as well as the Zj(Z !
⌧+⌧�) and tt̄ backgrounds applying the preliminary cuts described above but only demanding

that there is either one electron or one muon. The results are depicted in Figures 3-6. In

Figure 3 we show the distribution for the transverse mass of the lepton given by

M
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=
q
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at intermediate values of H
T

. The Zj background, most of the momentum is carried away

by the Z, and consists of a hadronic activity which peaks at values of H
T

below 100 GeV.

Therefore, removing events with H
T

> 100 GeV significantly suppresses the tt̄ background.

In addition removing events with M
T,l

above 50 GeV further reduces the Zj background.

These last two cuts are employed by the CMS analysis considered in this work. In Figures 5

and 6 we show the transverse impact parameters for the electron and muon respectively. The

leptons in the Zj sample arise from leptonic decays of the ⌧ while leptons in the tt̄ sample

arise mainly from semileptonic b-meson decays. These leptons arise from the decay of an

o↵-shell W boson from the dominant decay mode b ! cW ⇤. Therefore the region of impact

parameters in the range 0.01�0.5 cm allows us to directly probe this model with the existing

data from the CMS collaboration.

SM background 0.02 < |d0|e,µ < 0.05 cm 0.05 < |d0|e,µ < 0.1 cm 0.1 < |d0|e,µ < 2. cm

Total Expected Background 18.0± 0.5± 3.8 1.01± 0.06± 0.30 0.051± 0.015± 0.010
Observed Events 19 0 0

95% CLs 13.68 2.93 2.42

Table 1. Number of expected and observed events given by the CMS analysis on displaced SUSY [8].
The third row corresponds to a 95% CLs calculated using a method adapted from the CheckMATE
program [34]. The fourth row shows the number of events calculated in our simulation and is limited
to a sum of the simulated Z ! ⌧+⌧� and tt̄ backgrounds with a scaled QCD multijet component.

In order to constrain the parameter space of our simplified model; we implement the

CMS analysis which is performed in three signal regions parametrized by the transverse

impact parameter: 0.02 < |d0|e,µ < 0.05 cm, 0.05 < |d0|e,µ < 0.1 cm, and 0.1 < |d0|e,µ < 2.

cm. We also take into account the e↵ects of pile-up on the missing transverse energy using a

gaussian function to smear the amount of missing transverse energy based on the total p
T

in

the event [33]. We carry out a channel by channel exclusion using a 95% CL excluded number

of signal events calculated using a single-channel CL
s

method adapted from the CheckMATE

program [34]. In Table 1 we show the number of observed and expected events calculated in

the CMS analysis as well as the number of events to make an exclusion at 95% confidence

level.

In Figure 7(a) we show our exclusion region in the m
�

�m
X

using the CMS results given

in Table 1 for a colored scalar with a proper lifetime of 1 mm/c, while Figure 7(b) corresponds

to a lifetime of 10 mm/c. In particular, we see that the region where m
�

. 250 is excluded

for very low dark fermion masses, m
X

. This result is consistent in models where a light stop

decays to a light gravitino [35]. However, we observe that these bounds disappear for lifetimes

below 0.1 mm/c, since in this region of parameter space, the highest lepton reconstruction

e�ciency achieved is for transverse impact parameters between 0.02 and 0.05 cm; a region

that is plagued mostly by a large Z ! ⌧⌧ background. Given that the electron reconstruction

e�ciency from the decay of a long lived charged particle strongly depends on the transverse

impact parameters, peaking at larger values for larger proper lifetimes; we observe stronger

exclusions in regions where the SM background is low; that is impact parameters between

– 12 –
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Long-lived searches

• Search for displaced SUSY in events with an 
electron and a muon with large impact 
parameters (B2G-12-024). 

• Opposite-sign lepton pair with large 
impact parameters. 

• No requirement on vertex formation, 
hadronic activity or MET.
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FIG. 8. Leading order Feynman diagrams the lead to jets plus MET final states at the LHC. The diagram on the left will also
lead to a tt̄ plus MET signature and can be constrained by searches for scalar top pair production [62].

In this section we look at the possibility of setting limits to our model by considering searches for jets + MET at
hadron colliders. We focus on a search for multijets and missing momentum with 19.5 fb−1 of data at

√
s = 8 TeV

by the CMS collaboration [19]. In our framework there are various topologies that lead to a multijet plus missing
momentum final state, these are depicted in Figures 8 and 9. For small couplings, yc,uψ , the dominant channel is
depicted in 8(a). In fact, this diagram resembles pair production of scalar quarks (squarks) in supersymmetry with a
final state containing between two and six jets for arbitrary choices of the couplings yt,c,uψ . For large yc,uψ couplings,
the production cross section is enhanced via the diagram depicted in Figure 9(a) since a Majorana fermion mediates
the reaction. This enhancement is more pronounced for large MNR .
The CMS collaboration [19] implements a selection criteria on the number of jets, Njets, with a transverse momen-

tum of pT > 50 GeV and a pseudorapidity of |η| < 2.5. Furthermore, each event is required to have MET above 150
GeV. They consider signal regions where Njets = 3− 5, 6− 7 and ≥ 8. To estimate the current bounds, we simulate
the leading order cross section for the processes depicted in Figures 8 and 9 using MadGraph 5 [59] for masses of the
right-handed Majorana neutrino, NR, and the coloured electroweak-singlet, mψ, for different regions of the couplings
yt,c,uψ . The parton showering and hadronization is carried out with PYTHIA [60] and employ the Delphes 3 detector
simulator package [61] to calculate our acceptances. Since our signal is inclusive, we carry out the matching between
the hard and low energy scales using the MLM matching scheme where parton events generated by MadGraph are
matched to jets from the perturbative shower to avoid double counting.
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t/c/u

NR

NR

ψ (ψ†)

t/c/u (t̄/c̄/ū)
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FIG. 9. Leading order Feynman diagrams that lead to jets plus MET final states at the LHC and that enhance the production
rate at large yt,c,u

ψ . The diagram on the right contributes to same-sign top (anti-top) production at the LHC.

The sensitivity of the CMS search to our model for ytψ → 1 and small yc,uψ decreases dramatically since now the
pair produced coloured singlet scalars will decay predominantly to t-quarks plus MET. In this particular case, the
signal region most sensitive to our model is one where Njets = 6− 7; however since the analysis does not implement a
t-quark reconstruction algorithm, the regions with the highest energy jets are those where ψ has a large mass and thus
a smaller production cross section. The signal regions where Njets = 3− 5 lead to a large number of signal events but
not enough to overcome the large systematic uncertainties in the calculated background, mainly the contribution from
QCD. The sensitivity of the CMS search to our model in the large yc,uψ limit is strongest for large Majorana masses and
away from the degenerate region mψ ≈ MNR , where high pT jets from the decay of the coloured electroweak-singlet
are more prominent.
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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
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12024

•  ATLAS search (ATLAS-CONF-2015-015), 
geared for prompt decays, requires 2 b-jets.

Figure 9: The observed mass limit on the stop at 95% CL. This limit is obtained using the nominal stop cross
section. Stop masses between 400 GeV and 1100 GeV, in steps of 100 GeV, were tested. The mass limit shown
corresponds to the highest-mass stop sample which was excluded. As the branching ratio of t̃ ! b⌧ increases, the
number of expected events with electrons or muons in the final state decreases. Therefore, the limit on the mass
decreases.
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8 TeV Exclusion
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• Largest reach from CMS displaced muon and 
electron search…
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13 TeV Reach

• Region of interest is one where both prompt and 
long-lived searches seem to fail… 

• “Save the light stop…” (Delgado,Giudice, 
Isidori,Pierini, Strumi; Kriska, Kumar, 
Morrissey).
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• Apply same lepton criteria but require enough 
MET to suppress QCD background from mis-
reconstructed jets… 

• Require one b-jet; further suppress Z to 𝛕𝛕. 
Signal is lost as well…

b-jet /ET (GeV) |d0|µ (cm) �Zj (pb) �signal (pb)
N

signalp
N

signal

+N
background

- > 50 0.01 < |d0| < 2. 0.53 5.54⇥ 10�3 0.75, 1.31, 4.13

- > 100 0.01 < |d0| < 2. 7.49⇥ 10�3 1.71⇥ 10�3 1.69, 2.92, 9.25

1 > 50 0.01 < |d0| < 2. 5.52⇥ 10�3 9.41⇥ 10�4 1.11, 1.93, 6.10

1 > 100 0.01 < |d0| < 2. 3.94⇥ 10�4 ⇠ 0 �
- > 50 0.01 < |d0| < 0.1 0.46 5.48⇥ 10�3 0.79, 1.37, 4.35

- > 100 0.01 < |d0| < 0.1 5.52⇥ 10�3 1.71⇥ 10�3 1.89, 3.25, 10.29

1 > 50 0.01 < |d0| < 0.1 4.73⇥ 10�3 9.42⇥ 10�4 1.18, 2.04, 6.47

1 > 100 0.01 < |d0| < 0.1 3.94⇥ 10�4 ⇠ 0 �

Table 2. Signal and background cross sections after a series of cuts for a colored scalar with mass,
m� = 150 GeV and a dark fermion of mass, mX = 80 GeV. The average lifetime for the scalar is of
0.1 mm/c. In the last column we show the significance for luminosities of 10, 30 and 100 fb�1 with an
overall upper bound on the sum of the jet pT given by

P
pT,j < 100 GeV.

GeV respectively.

In Table 2 we show the LHC reach running at 13 TeV for a colored scalar with mass

m
�

= 150 GeV and a lifetime of 0.1 mm/c together with a dark fermion with mass, m
X

= 80

GeV. To probe the sensitivity to this simplified model we define the significance of a signal

using the following statistical estimator

s =
N

sp
N

s

+N
b

, (4.2)

where N
s

and N
b

denote the number of signal an background events. Since a lepton with a

mean decay length of 0.1mm is better reconstructed if its impact parameter lies below 0.1 cm;

the signal regions defined with the parameter |d0|µ yield very similar significances. Most of

the variation depends mostly on the amount of missing momentum and the ability to b-tag the

event in the signal region given by 0.01 < |d0|µ < 0.1 cm. In Table 2 we observe that keeping

events with missing energy above 100 GeV may be enough to probe this simplified model,

contrary to the search strategy implemented in the analysis discussed in the Section 3, where

an upper bound on /E
T

was implemented for a better sensitivity to R-parity violating models

of SUSY. In Figure 9 and Figures 10(a) and (b) we show the regions in the m
�

�m
X

plane

that the LHC Run II may be able to probe at 10, 30 and 300 fb�1 respectively. In the plots,

the regions in red correspond to values of s > 5 while the regions in green and blue correspond

to s > 2, 1 respectively and represent the maximum significance from a combination of the

signal regions. In the combination, we assume that each channel is independent and neglect

correlations between them.
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• Direct sensitivity to a light stop with decay 
length in the heavy-flavor range.

• Light Stop window of the NMSSM with two-
body FV decay with ϴtc~10-5.
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Summary

• Long-lived particles appear in a large class of 
models. 

• Decays in the tracker range from prompt-
sensitive to the need for specialized triggers. 

• Existing long-lived searches are signature 
driven. 

• Exciting opportunities for recasting and new 
proposals for Run II. 

• However, to enhance efficiencies, we to better 
trigger on displaced particles (decay products).
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Summary II

• Light stop window of MSSM not necessarily 
dead for masses below 200 GeV. 

• New exotic hadrons can be expected…


