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Introduction
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SUSY: hypothetical fundamental space-time 
symmetry between fermions and bosons.
Presence of superpartners around the EW scale 
can mitigate the hierarchy problem of the SM.
SUSY must be broken — how SUSY-breaking 
happens hints the physics of the very high-
energy scale.
If R-parity is exactly conserved, the lightest 
supersymmetric particle (LSP) can be a dark 
matter candidate.

LHC Run 2 is over!  
— each of CMS and ATLAS collected ~140 fb-1.
Searches are actively in progress.
Early full Run 2 results are coming out.

������������

Month in Year
Jan '15

Jul '15
Jan '16

Jul '16
Jan '17

Jul '17
Jan '18

Jul '18
-1

fb
To

ta
l I

nt
eg

ra
te

d 
Lu

m
in

os
ity

 
0

20

40

60

80

100

120

140

160
ATLAS
Preliminary

LHC Delivered

ATLAS Recorded

 = 13 TeVs
-1 fbDelivered: 156
-1 fbRecorded: 147

2/19 calibration

This talk covers selected recent search results of: 
- Electroweak SUSY production 
- Long-lived (SUSY and more…) scenarios
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Electroweak SUSY production searches
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Electroweak SUSY production searches
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W h

A large fraction of C2→N1 decay with higgs emission expected when 
                               and                        .

C1 decay: W(qq) or W(Lν)

C2 decay: Various higgs decay branches possible e.g. :

h(bb)

either h(WW), h(ZZ), h(ττ) → 1L+X

h(γγ)
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W h : 1 L + 2 b
Lepton-triggered → well-isolated lepton

Transverse mass mT > 150 GeV

Require large contransverse mass          > 170 GeV for       rejection.

h(bb) resonance at 90 GeV < m(bb) < 150 GeV.

2 SRs: (1) 125 GeV < MET < 200 GeV and (2) MET > 200 GeV

No significant excess observed.

�6

10 5 Results

Isolating the single-lepton top quark background in a region kinematically similar to the signal
region is difficult since dilepton top quark events tend to dominate when requiring large MT.
The main source of uncertainty in the prediction of this backgrounds is the modeling of the
Emiss

T resolution, which was found to be well modeled in the study of CR0b.

Additional studies of Emiss
T resolution are performed using g+ jets events following the method

used in Ref. [78]. The resolution in data is found to be up to 20% worse than in simulation,
leading to higher single-lepton top quark yields than expected from simulation. However, the
impact of this effect on the total background prediction is negligible. Due to the difficulties in
defining a dedicated control region for this process, we assign a conservative uncertainty of
100% to the single lepton top quark background prediction.

The “rare” backgrounds contribute less than 15% of the expected yield in the signal region. We
apply an uncertainty of 50% on the event yields from these processes.

5 Results

Figure 5 shows the distributions of Mbb in data compared with the SM background prediction
after all signal region requirements except the Mbb selection. No significant deviations from the
predictions are observed. Table 2 shows the expected SM background yields in the signal region
compared to the observation, as well as predicted yields for several signal models with the
masses (mec±

1
, mec0

1
) indicated in GeV. The correlation coefficient for the background prediction

between the two bins is 0.61. The correlation is incorporated in the likelihood model described
below for the interpretation of the results, and it can be used to reinterpret these results in other
signal models [80].
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Figure 5: Distributions in Mbb after all signal region kinematic requirements for the two ex-
clusive Emiss

T bins (left: 125  Emiss
T < 200 GeV, right: Emiss

T � 200 GeV). The signal region is
90  Mbb  150 GeV. The hatched band shows the total uncertainty in the background pre-
diction, including statistical and systematic components. The expected signal distribution for a
reference SUSY model is overlaid as an open histogram, and the legend (on the last line) gives
the masses as (mec±

1
, mec0

1
) in GeV.
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Figure 6: (left) Cross section exclusion limits at the 95% CL are shown for ec±
1 ec0

2 ! W±Hec0
1 ec0

1
as a function of mec±

1
, assuming mec0

1
= 1 GeV. The solid black line and points represent the

observed exclusion. The dashed black line represents the expected exclusion, while the green
and yellow bands indicate the ±1 and 2 standard deviation (s.d.) uncertainties in the expected
limit. The magenta line shows the theoretical cross section with its uncertainty. (right) Exclu-
sion limits at the 95% CL in the plane of mec±

1
and mec0

1
. The area below the thick black (dashed

red) curve represents the observed (expected) exclusion region. The thin dashed red line indi-
cates the +1 s.d.exp. experimental uncertainty. The -1 s.d.exp. line does not appear as no mass
points would be excluded in that case. The thin black lines show the effect of the theoretical
uncertainties (±1 s.d.theory) on the signal cross section.
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Excluding C1 220–490 GeV
for massless N1

CMS-SUS-16-043, 36 fb-1

mCT = 2pb1
T pb2

T (1 + cos Δϕbb)

Low-MET SR High-MET SR

tt̄mCT

http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-043
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W h : 0 L + 2 b
MET trigger → offline MET > 200–250 GeV required.

h(bb) resonance at 105 GeV < m(bb) < 135 GeV.

Require large contransverse mass        for      rejection.

No excess observed in the signal region.
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Exclusion up to ~690 GeV wino.

Sensitive to high-mass  
end compared to other 
channels.

mCT tt̄

ATLAS-SUSY-2017-01, (submitted to PRD), 36 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2017-01/
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W h : 1 L + γ γ
h(γγ) narrow peak search.

SM Wh process as an irreducible peaking background. Estimated from NLO cross section

Non-peaking contributions are estimated from side-band in 105 GeV < m(γγ) < 160 GeV.
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Table 11: Event yields and SM expectation for the 0`bb̄ channel after the background-only fit for the SRHad-High
and SRHad-Low regions. The errors shown are the statistical plus systematic uncertainties. Uncertainties in the
fitted yields are symmetric by construction, where the negative error is truncated when reaching zero event yield.

SR channels SRHad-High SRHad-Low
Observed events 1 7
Fitted bkg events 2.5 ± 1.3 8 ± 4
tt̄ 1.1 ± 0.9 4 ± 4
Single top (Wt) 0.15+0.16

�0.15 0.44 ± 0.33
W+ jets 0.1+0.3

�0.1 1.0 ± 0.7
Z + jets 1.0 ± 0.7 1.7 ± 1.0
tt̄ + V 0.09 ± 0.03 0.40 ± 0.08
Diboson < 0.01 0.3+0.4

�0.3

Table 12: Event yields and SM expectation after the background-only fit in the 1`bb̄ channel for the SR1Lbb-Low,
SR1Lbb-Medium, and SR1Lbb-High regions. The category “Others” includes contributions from three- and four-top
production and SM Higgs processes. The errors shown are the statistical plus systematic uncertainties. Uncertainties
in the fitted yields are symmetric by construction, where the negative error is truncated when reaching zero event
yield.

SR channels SR1Lbb-Low SR1Lbb-Medium SR1Lbb-High
Observed events 6 7 5

Fitted bkg events 5.7 ± 2.3 2.8 ± 1.0 4.6 ± 1.2

tt̄ 3.4 ± 2.9 1.4 ± 1.0 1.1 ± 0.6
Single top (Wt) 1.4+1.4

�1.4 0.8+0.9
�0.8 1.2 ± 1.1

W+ jets 0.6 ± 0.4 0.20 ± 0.11 1.6 ± 0.6
tt̄ + V 0.10 ± 0.04 0.32 ± 0.09 0.54 ± 0.14
Diboson 0.12+0.15

�0.12 0.05 ± 0.03 0.08 ± 0.02
Others 0.10 ± 0.05 0.03 ± 0.01 0.04 ± 0.02

Table 13: Expected numbers of peaking and non-peaking SM background events in the 1`�� channel for SR1L��-a
and SR1L��-b. Non-peaking-background uncertainty is dominated by the statistical uncertainty in the sideband fits.
The peaking background uncertainties include both theoretical (production rate) and experimental (detector e�ect)
contributions, as described in the text. The uncertainties in the Wh and Other peaking backgrounds are taken to be
fully correlated. Also shown are the observed numbers of events in SR1L��-a and SR1L��-b.

SR channels SR1L��-a SR1L��-b
Observed events 2 9
Total bkg events 0.37 ± 0.22 5.3 ± 1.0
Wh background 0.09 ± 0.01 1.8 ± 0.3
Other peaking backgrounds 0.04 ± 0.01 0.19 ± 0.02
Non-peaking background 0.22 ± 0.22 3.3 ± 0.9

25

Discovery p0 values 0.03 (~1.9σ) 0.09 (~1.3σ)

ATLAS-SUSY-2017-01, (submitted to PRD), 36 fb-1

Mild upper 
fluctuation
observed.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2017-01/
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W W, di-lepton + ET
miss

Opposite-sign di-leptons. Same-flavor (ee, µµ; Z-veto) and 
different-flavour (eµ) categories.

Major backgrounds: VV and tt (irreducible)

Di-lepton trigger, both leptons offline 

Di-lepton invariant mass > 25 GeV,  
                        vetoed for SS.

Allow up to single central light jet  
(signal region is classified)

Signal region:

 
Stransverse mass

SR is binned in
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ATLAS-CONF-2019-008, 139 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-008/
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W W, di-lepton + ET
miss

Opposite-sign di-leptons. Same-flavor (ee, µµ; Z-veto) and 
different-flavour (eµ) categories.

Major backgrounds: VV and tt (irreducible)

Di-lepton trigger, both leptons offline 

Di-lepton invariant mass > 25 GeV,  
                        vetoed for SS.

Allow up to single central light jet  
(signal region is classified)

Signal region:
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ATLAS-CONF-2019-008, 139 fb-1

Chargino pair: excluding up to ~420 GeV

Slepton pair: excluding up to ~680 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-008/
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LLP Search Classes
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Emerging jets
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vertex in MS

Dilepton displaced
vertex

Direct LLP Detection LLP Decay Detection

Stopped
particles

Monopole/HIP

Displaced jets  
(Calo-ratio)
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LLP Search Classes

�12

ID Displaced
Vertex + X

Metastable
heavy charged
particleStable heavy 

charged particle

Disappearing
track

Displaced leptons

Non-prompt
photons

Lepton-jets

Emerging jets

Displaced 
vertex in MS

Dilepton displaced
vertex

Direct LLP Detection LLP Decay Detection

Stopped
particles

Monopole/HIP

Displaced jets  
(Calo-ratio)

Ref. Code Analysis
SUSY-2016-06 JHEP 06 (2018) 022 Disappearing track 36
SUSY-2016-31 Accepted by PRD Stable and meta-stable massive charged particles 

(dE/dx)
36

SUSY-2016-32 Phys. Lett. B 788 (2019) 96 Stable massive charged particles (dE/dx + ToF) 32
EXOT-2017-13 Phys. Rev. D 99 (2019) 052003 Multi-charged particle searches 36
SUSY-2016-08 Phys. Rev. D 97 (2018) 052012 Displaced vertex + MET 33
CONF-2019-006 ̶ Displaced vertex + muon 136
EXOT-2017-25 Submitted to EPJC Displaced jets (Calorimeter) 36
EXOT-2017-24 Accepted by PRL Displaced jet (Calorimeter) + Z 36
EXOT-2017-05 Phys. Rev. D 99 (2019) 052005 Displaced jets (Muon Spectrometer) 36
EXOT-2017-03 Phys. Rev. D 99 (2019) 012001 Non-collimated muons 36
HIGG-2017-05 JHEP 10 (2018) 031 h(125) → aa, a(LLP) → bb 36
CONF-2016-042 ̶ Displaced lepton-jets 3.4
EXO-16-044 JHEP 08 (2018) 016 Disappearing track 35.7
SUS-19-005 ̶ Disappearing track 137
EXO-15-010 PRD 94 (2016) 112004 Stable massive charged particles (dE/dx+ToF) 2.5
EXO-17-018 PRD 98 (2018) 092011 Displaced vertex + jets 38.5
EXO-16-003 PLB 780 (2018) 432 Inclusive displaced jets 2.6
PAS-EXO-16-022 ̶ Displaced leptons 2.6
PAS-EXO-19-001 ̶ Delayed jets 137
EXO-16-004 JHEP 08 (2018) 130 Stopped particles 39

ℒ [fb−1]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-06
https://link.springer.com/article/10.1007/JHEP06(2018)022
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-13
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-08
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.052012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-25
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-24
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-05
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052005
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-03
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-05
https://link.springer.com/article/10.1007/JHEP10(2018)031
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-044/index.html
http://dx.doi.org/10.1007/JHEP08(2018)016
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-010/index.html
http://dx.doi.org/10.1103/PhysRevD.94.112004
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-018/index.html
http://dx.doi.org/10.1103/PhysRevD.98.092011
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-003/index.html
http://dx.doi.org/10.1016/j.physletb.2018.03.019
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-022/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-004/index.html
http://dx.doi.org/10.1007/JHEP05(2018)127
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Direct detection of massive charged particles
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Direct detection of massive charged particles

Recent update for stable charged particle search using 
ToF (and dE/dx) for 2015+2016 dataset.

Various strong limits interpretations for R-hadron, 
charginos or sleptons depending on signal topologies.

�14

ATLAS-SUSY-2016-032, submitted to PRD, 36fb-1

Stable R-hadron lifetime excluded up to ~2 TeV.
Overall quite complementary searches.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-32/
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CMS-EXO-18-007, 36fb-1
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-007/
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Displaced vertices with jets
Dedicated displaced jet HLT: 

HT > 350 GeV, ≥2 displaced jets w/ pT > 40 GeV and |η| < 2.0  
(*) displaced jets: associating ≤2 prompt tracks, ≥1 displaced tracks
Offline HT > 400 GeV

Jet-seeded displaced vertex reconstruction
Seed tracks: associated to a di-jet pair,  
IP signif. > 5 or |d0| > 0.5 mm
Vertex mass > 4 GeV and pT > 8 GeV
Track’s second largest IP signif. > 15

Charged energy fraction of the di-jet associated with the most compatible  
primary vertices (sort of displaced version of “jet-vertex fraction”).

Displaced jet likelihood score > 0.9993
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CMS-EXO-18-007, 36fb-1

12

Table 5: Summary of predicted and observed events in the signal region, for different HT and
number of dijet candidates values.

Selection on HT Number of dijets Expected Observed
400 < HT < 450 GeV 1 0.42 ± 0.14 (stat) ± 0.01 (syst) 0
450 < HT < 550 GeV 1 0.23 ± 0.08 (stat) ± 0.07 (syst) 0

HT > 550 GeV 1 0.19 ± 0.07 (stat) ± 0.05 (syst) 1
— >1 0.16 ± 0.11 (stat) ± 0.06 (syst) 0

Table 5 are utilized to compute the CLs values, and the systematic uncertainties are taken to be
fully correlated across the four bins. The bin where more than one dijet candidate passes the
preselection criteria usually brings most of the sensitivity in a given model since it often has
the largest signal efficiency.

Figure 3 presents the expected and observed upper limits (at 95% CL) on the pair produc-
tion cross section for the jet-jet model at different scalar particle X masses and proper decay
lengths, assuming a 100% branching fraction. The limits are most stringent for ct0 between 3
and 100 mm. For smaller decay lengths, the limits become less restrictive because of the vetoes
on prompt activity. Since the tracking efficiency decreases with larger displacement, the lim-
its also become less stringent for larger decay lengths when ct0 > 100 mm. Pair production
cross sections larger than 0.2 fb are excluded at high mass (mX > 1000 GeV) for proper decay
lengths between 3 and 130 mm. The lowest pair production cross section excluded is 0.13 fb, at
ct0 = 30 mm and long-lived particle mass mX > 1000 GeV.
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Figure 3: The expected and observed 95% CL upper limits on the pair production cross section
of the long-lived particle X, assuming a 100% branching fraction for X to decay to a quark-
antiquark pair, shown at different particle X masses and proper decay lengths for the jet-jet
model. The solid (dashed) lines represent the observed (median expected) limits. The shaded
bands represent the regions containing 68% of the distributions of the expected limits under
the background-only hypothesis.

Figure 4 presents the expected and observed upper limits on the pair production cross sec-
tion of long-lived gluino in the GMSB eg ! geG model, assuming a 100% branching fraction
for the gluino to decay into a gluon and a gravitino. Although in the eg ! geG signature each
displaced vertex is associated with only one jet, the two separate displaced single jets can be

Observed events in the SRs are consistent with  
data-driven estimated QCD background yields.
Excluded ~2.3 TeV GMSB

   ~2.4 TeV RPV (UDD)
g̃(LLP) → gG̃

g̃(LLP) → tbs

g̃(LLP) → gG̃

g̃(LLP) → tbs

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-007/
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Displaced vertices with muons
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Benchmark model:
A tiny RPV coupling would make stop alive for O(1ns)
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Signal DV: r > 4 mm, ≥3 tracks, mvis > 20 GeV and
isolated non-prompt muon (decent cosmic ray veto)

ATLAS-CONF-2019-006, 136fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-006
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Displaced vertices with muons

For full Run-2 DV analyses: a significant improvement in the vertex 
reconstruction algorithm in enriching vertex properties of multiplicity and mass.
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Vertex Seed Tracks

Attached Tracks For DV+µ: around 20-30% of 
the signal efficiency recovery.
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ATLAS-CONF-2019-006, 136fb-1
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ATL-PHYS-PUB-2019-013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-013/
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MET or displaced muon trigger; exclusive 2 SRs. Cosmic ray veto + hadronic interaction veto.

Robust data-driven background estimation for 3 exclusive categories  
(transfer factor from CR to SR for each of cosmic, heavy-flavor, fake Bkg components)

SR yields are consistent with background estimation.

Excluding stop mass up to 1.75 TeV around ~0.1 ns lifetime.

ATLAS-CONF-2019-006, 136fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-006
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Summary

CMS and ATLAS have been performing wide-range SUSY searches.

Today I focused on most-recent results.

Quite strong limits have been set so far, including R-parity-violating  
or long-lived scenarios (incl. other BSM scenarios).

Unfortunately, no SUSY/BSM discovery so far…

Early preliminary full Run-2 dataset results were presented, with new ideas or 
techniques.

More of full dataset analyses expected to come…

�20

Stay Tuned!
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SUSY searches in LHC

Usual to assume    -parity is conserved: a pair-production of sparticles results in final 
states with 2x LSPs, yielding a significant        .

Can suppose versatile sparticle mass spectra: branch search analyses depending on the 
characteristic of the visible (SM) final-state objects.

On top of general/comprehensive searches, dedicated searches for specifically interesting 
phenomenological scenarios.
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SUSY searches in LHC

Most classically, select/optimize the signal regions where the SM backgrounds deplete while a good 
SUSY acceptance is ensured.

Estimate the background yields using various control regions.
Validate the BG estimation of each enriched sub-component in the vicinity of signal regions (VRs).

Unblinding SRs after validating the BG estimation. 
Exclusion limits are drawn if no significant excess is observed.
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The R-parity violation

�24

R-parity-violating (RPV) superpotential

No fundamental reasons to prohibit RPV from QFT — if R-parity conserves, it’s accidental.
Large constraints from low-energy limits e.g. proton decay at Super KamiokaNDE.

Different topologies compared to R-parity-conserving (e.g. not always          ).
In LHC searches, usually assume only a specific RPV term and search for it.
Some signatures are similar to lepto-quark pair production or RPC-SUSY scenarios.

Emiss
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<latexit sha1_base64="6f+M31zfMYttL7NIlhU5wwlwrtc="></latexit>
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Long-lived cases
Many BSM scenarios have a possibility of creating a BSM particle with a macroscopic or 
stable lifetime (i.e. very narrow decay width) in the LHC.

Given that comprehensive searches are demanded, the importance of long-lived 
particle searches have been highlighted in recent years.

Pros:

A unique probe to super-compressed or small coupling BSM scenarios.

In many cases, zero or small SM backgrounds can be achieved; can expect extension 
of search sensitivity as luminosity gains.

Cons:

The LHC experiment program isn’t primarily designed/optimized to perform long-
lived scenarios. Sensitivity is largely determined by the geometry.

Often dedicated techniques are needed, and cares are needed in understanding of 
reconstruction and specialized data flow.

Backgrounds are often instrumental, cosmic ray: hard to predict using common MC 
simulations. Need to know your instruments, and in many cases data-driven 
background estimation is required.
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Lifetime summary
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Geometry and lifetime
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LLP searches complete what we can  
do with the collider experiments.
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Disappearing track: a highly-compressed spectrum

A specific SUSY scenario (pure wino) like AMSB.

C1-N1 masses splitting arises only by  
dynamical loop running correction (~150 MeV)

Long-lived C1 production via strong interaction.

Long-lived C1 decays to almost degenerated N1, 
emitting a soft pion which is hard to be visible in 
the reconstruction.

Signature in        : isolated high-pT track with no 
presence of hits in the outermost 2 layers.  
(short track) — further classified by track length.
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CMS-SUS-19-005-PAS, 137 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html
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Trigger: mixture of HT, MET, HTmiss and jet pT.

Backgrounds: fake (combinatoric), charged hadrons, leptons.

Transfer factor for each component estimated mostly pure data-driven,  
for longer track case, assisted by MC simulation.

Signal region defined separately for 2016 and 2017+2018  
(pixel detector upgrade in between)
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CMS-SUS-19-005-PAS, 137 fb-1
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Figure 6: Comparison of estimated (pre-fit) background and observed data events in (upper)
each of the 2016 search regions, and in (lower) each of the 2017–2018 search regions, in the
search for disappearing tracks. The red histogram represents the predicted background, while
the black points are the actual observed data counts. The cyan band represents the statistical
uncertainty on the prediction. The gray band represents the total uncertainty. The labels on the
x-axes are explained in Tables 7–8 of Appendix B.2. Regions whose predictions use the same
measurement of fshort are identified by the colors of the labels. Bins with no entry in the ratio
have zero (pre-fit) predicted background.

until 2016
since 2017

Disappearing track: a highly-compressed spectrum

No significant excess observed in multiple SRs

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html
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CMS-SUS-19-005-PAS, 137 fb-1
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Excluding gluino mass up to 2.46 TeV at the most sensitive lifetime (50 cm)

Disappearing track: a highly-compressed spectrum

Trigger: mixture of HT, MET, HTmiss and jet pT.

Backgrounds: fake (combinatoric), charged hadrons, leptons.

Transfer factor for each component estimated mostly pure data-driven,  
for longer track case, assisted by MC simulation.

Signal region defined separately for 2016 and 2017+2018  
(pixel detector upgrade in between)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-005/index.html
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Delayed jet
Assume a BSM particle yields a displaced jet before reaching the calorimeter.

A heavy BSM long-lived particle flies with significantly small β.

The total flight path length can be longer than prompt jets due to presence of kinks.

A displaced jet may arrive later than prompt jets.

e.g. a β=0.5 gluino decaying at the outer surface of the CMS tracker at |η| = 0:  
Δt ~ 4 ns.

CMS ECal timing resolution: down to ~0.2 ns.
Ecal timing: median of the each cell timing comprising the jet,  
after cleaning |t| > 20 ns clusters.
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1. Introduction 1

1 Introduction

In many beyond standard model (SM) theories the production of long-lived particles at the
CERN LHC that can decay into final states containing jets and momentum imbalance (~pmiss

T )
is predicted. Such theories include, but are not limited to, Split Supersymmetry [1, 2], SUSY
with gauge-mediated supersymmetry breaking (GMSB) [3], ”stealth SUSY” [4] and ”Hidden
Valley” models [5].

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

T in the event. The
production diagram for the benchmark model is shown in Figure 1a.
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Figure 1: (a) Feynman diagram for the gluino GMSB signal model and (b) diagram showing
a characteristic event which would be expected to pass signal model selection with delayed
energy deposition in the ECAL and HCAL but without tracks from a primary vertex.

There have been multiple searches for long-lived particles decaying to all-jet final-states at CMS
and ATLAS at

p
s = 8 TeV and

p
s = 13 TeV [6–18]. The use of calorimeter timing has been

limited to searches targeting displaced photons at
p

s = 8 TeV [19, 20]. This search presents
the first application of ECAL timing to searching for displaced jets from neutral long-lived
particles. This technique allows the rejection of backgrounds to the few event level with high
signal model efficiency with only a single displaced jet in the event. As detailed in Ref. [21],
such an approach allows significant new sensitivity to long-lived particle models. A diagram
showing a characteristic event targeted by this analysis is shown in Figure 1b. Such an event
would escape reconstruction in a tracker based search due to the inability to reconstruct tracks
for decays beyond ⇠ 50 cm.

This document is organized as follows. Section 2 describes the CMS apparatus. Section 3
details the reconstruction techniques for physics objects used in the analysis. Section 4 outlines
the data sets used and the various software packages used to generate the samples of simulated
events. Section 5 summarizes the selection criteria used to identify and categorize signal events

Various backgrounds

Timing resolution tail

Electronic noises

Direct APD hits (skipping scintillation ~ 11 ns)

In/Out-time pileup

Satellite bunches (at ±5 ns)

Beam halo, or “non-collision backgrounds”

Cosmic muon hits

Benchmark: GMSB
gluino pair prod.
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Delayed jet

Background estimation for 3 different categories 
(cosmic, core/satellite collision, non-collision backgrounds)

No events observed in the delayed signal region.

Limit to gluino mass up to ~2.5 TeV.  
(most sensitive for around 1000 mm/c lifetime )
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Figure 2: The timing distribution of the backgrounds predicted to contribute to the signal
region is compared to representative signal models. The templates for the major backgrounds
are taken from control regions and normalised by the predictions detailed in Section 6. No
events are observed in data for tjet > 3 ns.

for a range in ct0, bounded by the requirements that the gluino must have sufficient lifetime
for its decay products to pass the tjet > 3 ns selection and that the gluino must decay before
or within the ECAL. For a gluino model with mg̃ = 2000 GeV the efficiency is maximal for the
range 1 < ct0 < 10 m. The efficiency is maximised for higher masses due to the increased p

miss
T

in the event and smaller b of the gluino.

The trigger efficiency for the simulated samples is evaluated from the trigger emulation. The
inefficiency due to the p

miss
T trigger requirement ranges from ⇠ 5% to ⇠ 15% for ct0 = 1 and

10 m respectively.

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

RMS
jet is also propagated to

t
RMS
jet /tjet.

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

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

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

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

• Limited simulated sample statistics: few % depending on signal model acceptance,

8. Interpretation 11
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PreliminaryCMS  (13 TeV)-1137 fb
  GMSB NLO+NLL exclusionG~ g + → g~, g~ g~ →pp 

95% CL observed

σ 1 ±95% CL expected median 

Figure 4: The 95% CL observed upper limits on s ⇥ BR2 in the mass and ct0 plane for the
GMSB model after all selections for 137 fb�1. The contour of 95% CL expected upper limits
on s/stheory = 1 is shown in the solid line while the plus and minus one sigma variations are
shown in the dashed lines. The observed limit is shown in the solid black line.
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Figure 5: Expected and observed limit on s ⇥ BR2 after all signal region selections for a gluino
GMSB model with mg̃ = 2400 GeV are shown in the dotted and solid black lines respectively.
The one (two) sigma variation in the expected limit is shown in green (yellow). The blue solid
line shows the observed limit achieved by the CMS displaced jet search [43].
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