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“There he goes. One of God's own prototypes. A high-
powered mutant of some kind never even considered for 
mass production. Too weird to live, and too rare to die.” 

-Hunter S. Thompson
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⌥ resonances, and in the continuum regions o↵ the resonances. Operating between 1999 and 2010, the
two experiments collected data samples totaling about 1600 fb�1. The largest sample used for LLP
searches was 711 fb�1.

In many LLP search analyses performed to date, the SM backgrounds have been extremely small,
sometimes much less than one event. In such cases, the search sensitivity grows roughly linearly with the
integrated luminosity of the data sample. This is in contrast to background-dominated BSM searches,
where sensitivity is proportional to the square root of the integrated luminosity. Therefore, LLP searches
are especially attractive for high-luminosity colliders. In particular, this includes the future runs of the
LHC [22], but also those of Belle II [23] and proposed high-energy e

+
e
� facilities such as FCC-ee [24].

As the focus of this review is BSM LLP searches at particle colliders, we aim to cover the broad range
of theoretical models, their experimental signatures at such facilities, and published searches pursuing
them. Thus, other than an occasional mention when relevant, we do not discuss experiments at non-
collider facilities or results from astrophysical observations1. Furthermore, following the definition of
LLP signatures stated above, we do not include signatures without detectable features of the LLP or
its decay.

Basic distance-scale definitions used throughout the review are indicated in Fig. 1. A particle decay
is considered prompt if the distance between the particle’s production and decay points is smaller than
or comparable to the spatial resolution of the detector. By contrast, a distance significantly larger than
the spatial resolution characterizes a displaced decay. Depending on the relevant detector subsystem,
the typical resolution scale is between tens of micrometers to tens of millimeters. The second distance
scale of relevance is the typical size of the detector or relevant subsystem, ranging from about 10 cm to
10 m. A particle is detector stable if its decay typically occurs at larger distances.

In Sec. 2 we review the theoretical motivation and a variety of BSM scenarios that give rise to
LLPs. The experimental methods used for identifying LLPs, which frequently give rise to non-standard

1
For a review of implications of collider-accessible LLPs on cosmology and astroparticle physics, see Ref. [2]

Figure 1: The SM contains a large number of metastable particles. A selection of the SM particle
spectrum is shown as a function of mass and proper lifetime. Shaded regions roughly represent the
detector-prompt and detector-stable regions of lifetime space, for a particle moving at close to the
speed of light.
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Very extensive program of searches for prompt and stable particles

Model Signature
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV ATLAS-CONF-2019-0401.9q̃ [10× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV ATLAS-CONF-2019-0402.35g̃

m(χ̃
0
1)=1000 GeV ATLAS-CONF-2019-0401.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄("")χ̃
0
1

3 e, µ 4 jets 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV ATLAS-CONF-2019-0151.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 139 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 ATLAS-CONF-2019-0150.74b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

∆m(χ̃
0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV 1908.031220.23-0.48b̃1b̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Emiss
T 36.1 m(χ̃

0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=400 GeV ATLAS-CONF-2019-0170.44-0.59t̃1

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1 τ + 1 e,µ,τ 2 jets/1 b Emiss
T 36.1 m(τ̃1)=800 GeV 1803.101781.16t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 e, µ mono-jet Emiss
T 36.1 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Emiss
T 36.1 m(χ̃

0
1)=0 GeV, m(t̃1)-m(χ̃

0
1)= 180 GeV 1706.039860.32-0.88t̃2

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV ATLAS-CONF-2019-0160.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ 2-3 e, µ Emiss
T 36.1 m(χ̃

0
1)=0 1403.5294, 1806.022930.6χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV ATLAS-CONF-2019-0140.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV ATLAS-CONF-2019-019, 1909.092260.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via "̃L/ν̃ 2 e, µ Emiss
T 139 m("̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2019-0081.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 ATLAS-CONF-2019-0180.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

"̃L,R "̃L,R, "̃→"χ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.7#̃

2 e, µ ≥ 1 Emiss
T 139 m("̃)-m(χ̃

0
1)=10 GeV ATLAS-CONF-2019-0140.256#̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 36.1 BR(χ̃

0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Z""""νν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→q" 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
October 2019

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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⌥ resonances, and in the continuum regions o↵ the resonances. Operating between 1999 and 2010, the
two experiments collected data samples totaling about 1600 fb�1. The largest sample used for LLP
searches was 711 fb�1.

In many LLP search analyses performed to date, the SM backgrounds have been extremely small,
sometimes much less than one event. In such cases, the search sensitivity grows roughly linearly with the
integrated luminosity of the data sample. This is in contrast to background-dominated BSM searches,
where sensitivity is proportional to the square root of the integrated luminosity. Therefore, LLP searches
are especially attractive for high-luminosity colliders. In particular, this includes the future runs of the
LHC [22], but also those of Belle II [23] and proposed high-energy e

+
e
� facilities such as FCC-ee [24].

As the focus of this review is BSM LLP searches at particle colliders, we aim to cover the broad range
of theoretical models, their experimental signatures at such facilities, and published searches pursuing
them. Thus, other than an occasional mention when relevant, we do not discuss experiments at non-
collider facilities or results from astrophysical observations1. Furthermore, following the definition of
LLP signatures stated above, we do not include signatures without detectable features of the LLP or
its decay.

Basic distance-scale definitions used throughout the review are indicated in Fig. 1. A particle decay
is considered prompt if the distance between the particle’s production and decay points is smaller than
or comparable to the spatial resolution of the detector. By contrast, a distance significantly larger than
the spatial resolution characterizes a displaced decay. Depending on the relevant detector subsystem,
the typical resolution scale is between tens of micrometers to tens of millimeters. The second distance
scale of relevance is the typical size of the detector or relevant subsystem, ranging from about 10 cm to
10 m. A particle is detector stable if its decay typically occurs at larger distances.

In Sec. 2 we review the theoretical motivation and a variety of BSM scenarios that give rise to
LLPs. The experimental methods used for identifying LLPs, which frequently give rise to non-standard

1
For a review of implications of collider-accessible LLPs on cosmology and astroparticle physics, see Ref. [2]

Figure 1: The SM contains a large number of metastable particles. A selection of the SM particle
spectrum is shown as a function of mass and proper lifetime. Shaded regions roughly represent the
detector-prompt and detector-stable regions of lifetime space, for a particle moving at close to the
speed of light.
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Maybe new physics is hiding here?
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Indirect Detection
Direct Detection

CMS
ATLAS

similar long-lived signatures 
investigated by CMS



Introduction
• Long-lived particles often have striking signatures with no 

irreducible SM backgrounds 
• For ~zero background searches, sensitivity scales with 

Lint 

• Backgrounds are generally from non-collision sources or 
instrumental effects (typically quite rare) 
• Monte Carlo not appropriate 
• Data-driven techniques required 

• Triggering and reconstruction of unconventional 
signatures can be highly non-trivial 

5John Stupak - University of Oklahoma11/20/19



Decay Position
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But if we want to consider particles with a longer lifetime, 
need a dramatically different search strategy!

5

why do we need so many searches?

24 April 2017Heather Russell, McGill University

e.g. for cτ = 50 cm, <βγ> ~ 30

0.1%
 “prom

pt”

3%
 in tracker

15% in
 calorimeters

31% in
 muon system

51%
 outside the detector

Even particles with a short proper lifetime can decay with a 
large lab-frame distance:

4

why do we need so many searches?

24 April 2017Heather Russell, McGill University

e.g. for cτ = 5 cm, <βγ> ~ 30

1%
 “prom

pt”

25%
 in tracker

60% in
 calorimeters

13% in
 muon system

~1%
 outside the detector

For a given proper lifetime, LLP decays occur in 
variety of detector systems

[Heather Russell]



Detector Signatures
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Pixel ECALSCT/TRT HCAL MS

displaced 
ID vertex

trackless 
jet

low-EM 
fraction 

jet

displaced 
MS vertex

}

}

300 mm 1.4 m 2.3 m 4.3 m 10.6 m34 mm

L1 trigger

L1 trigger

neutral LLP

ID/MS track

calorimeter 
deposit

Each subsystem has a different signature
Flavors of displaced jets:

similar signatures 
with CMS



Recent LLP Results
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Date Experiment Reference LLP Signature

10/19 LHCb 1910.06926 dark photon dimuon DV
9/19 CMS 1909.06166 neutralino non-pointing photon (elliptical shower and delayed arrival in ECAL)

9/19 ATLAS 1909.01246 dark photon displaced lepton jet
7/19 ATLAS 1907.10037 gluino/squark R-hadron dilepton ID DV

6/19 CMS 1906.06441 gluino R-hadron displaced jet (delayed arrival in ECAL)
5/19 ATLAS 1905.10130 monopole/multi-charged particle high-ionization (TRT, ECal)

5/19 ATLAS 1905.09787 heavy neutral lepton dilepton ID DV
3/19 ATLAS ATLAS-CONF-2019-006 stop R-hadrons displaced jet (ID DV) + displaced muon

2/19 ATLAS 1902.03094 dark scalar displaced jet (low EM-fraction)
2/19 ATLAS 1902.01636 gluino/squark R-hadron, chargino, stau high-ionization (pixel) and delayed arrival (HCal, MS)

12/18 ATLAS 1812.03673 multi-charged particle high-ionization (pixel, HCal, MS)
11/18 CMS 1811.07991 gluino/stop R-hadron displaced jet (ID DV)

11/18 ATLAS 1811.07370 dark scalar, singlino displaced jet (MS DV)
11/18 ATLAS 1811.02542 dark vector Z(ll) + displaced jet (low EM-fraction)

10/18 CMS 1810.10069 dark pion emerging jets

8/18 ATLAS 1808.06358 gluino R-hadron high-ionization (pixel)
9/18 CMS 1808.03078 neutralino, gluino, stop R-hadron displaced jet (2 ID DVs)

8/18 ATLAS 1808.03057 dark vector, neutralino dimuon MS DV
6/18 ATLAS 1806.07355 dark scalar V + displaced jet (b-tagging)

4/18 CMS 1804.07321 chargino disappearing track
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Indirect Detection

9
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 (13 TeV)

CMS
Simulation 

• Search for heavy mediator between SM and hidden sector with QCD-like confining force 
• Dark quark showers and hadronizes in the hidden sector before gradually decaying back to the 

SM 
• Many displaced vertices (+ MET) 

• Strategy 
• Conventional trigger: HT > 900 GeV 
• Exploit large impact parameter of signal tracks 
• Define 8 sets of emerging jet tagging criteria 

• 7 SRs and 2 VRs (non-orthogonal)

Emerging Jets

10John Stupak - University of Oklahoma11/20/19

[1810.10069]

1

Displaced Di-Jet Emerging Jet

Figure 5: Di↵erence between a displaced dijet signature from the decay of a heavy long-lived
particle and the emerging jet signature.

algorithm within the jet cone. It also requires a muon inside that cone with pT > 10 GeV, and

neither of these requirements are generic in emerging jet scenarios. There are also triggers for

long-lived particles decaying in the calorimeters or muon system, but we do not focus on that

region of parameter space here.

ATLAS long lived neutral particle search: ATLAS has also published a search of long

lived neutral particles [67] and one for lepton jets [68]. In our case, we generically have pair

production of a long lived object which then decays to two or four states, so as with the CMS

search, the models considered only has one displaced vertex for each exotic object. Both searches

require the EM fraction, the fraction of energy in the electromagnetic calorimeter relative to

the hadronic calorimeter, to be smaller than 0.1.6 This requirement is designed to select objects

decaying in the hadronic calorimeter and thus leaving very little energy in the electromagnetic

one. Because of the emerging nature of the signal considered here, there will be energy in all

segments of the calorimeter and this cut would generally cut out the majority of our signal. It

could be sensitive to regions of parameter space with longer lifetimes, but then there will be

quite a few dark decays in the muon system and it is not clear how they will be reconstructed.

In the region of parameter space we are most interested in, the EM fraction cut will make the

signal e�ciency extremely low for emerging jets.

LHCb displaced dijet search: LHCb has a search [69] which is based on a similar model

as the aforementioned CMS search. They also require reconstruction of a single vertex and

force the majority of particles to pass through (or near to catch b and c hadrons) this vertex.

Therefore, if there are many hard vertices displaced from one another by a few millimeters then

this search will have low e�ciency for the emerging phenomenology considered. Because of the

relatively small geometric acceptance, there will be events where only one dark pion falls into

LHCb, and the analysis could be sensitive in this regime. All the limits described in the analysis,

however, are for dark pion mass above 25 GeV, so it is a somewhat di↵erent regime of the model

than we consider. More details will be given about the LHCb potential in Sec. 5. It should also

be noted that the searches discussed above constrain models with mediators in the 100 GeV

range and with pico barn cross sections, while we are aiming at TeV scale mediators.

6
The lepton jet search only requires this for their hadronic category, but the categories that require muons will

also not be sensitive.
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[1502.05409]

X†
DK

XDK
g

g

g

Q
0
DK

q0

q̄

QDK

PUdz = zPV − z track
0

DN = [ zPV−z track
0

0.01 cm ]
2

+ [ d0

σd0
]

2

α3D =
∑i∈prompt tracks pTi

∑i∈tracks pTi

⟨IP2D⟩ = median (d0)

Criteria group PUdz (<) [cm] DN (<) hIP2Di (>) [cm] a3D (<)
EMJ-1 2.5 4 0.05 0.25
EMJ-2 4.0 4 0.10 0.25
EMJ-3 4.0 20 0.25 0.25
EMJ-4 2.5 4 0.10 0.25
EMJ-5 2.5 20 0.05 0.25
EMJ-6 2.5 10 0.05 0.25
EMJ-7 2.5 4 0.05 0.40
EMJ-8 4.0 20 0.10 0.50

zPV − z track
0

[ zPV−z track
0

0.01 cm ]
2

+ [ d0

σd0
]

2
∑

prompt tracks
pT

∑
all tracks

pT

median(d0)
Set number HT pT,1 pT,2 pT,3 pT,4 p

miss
T nEMJ(�) EMJ group no. models

1 900 225 100 100 100 0 2 1 12
2 900 225 100 100 100 0 2 2 2
3 900 225 100 100 100 200 1 3 96
4 1100 275 250 150 150 0 2 1 49
5 1000 250 150 100 100 0 2 4 41
6 1000 250 150 100 100 0 2 5 33
7 1200 300 250 200 150 0 2 6 103
8 900 225 100 100 100 0 2 7 SM QCD-enhanced9 900 225 100 100 100 200 1 8VRs

SRs
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Emerging Jets
• Dominant background: QCD multi-jet events with long-lived B mesons or track mis-measurement 

• Separate light- and heavy-flavor enhanced 𝛾+jet samples used to determine mistag rates  and 
 for each emerging jet definition 

• CR defined for each SR/VR (same requirements, except N-1 emerging jet tags) 
• Heavy flavor fraction fb determined with fit to b-tag discriminant templates 

• Apply mistag rates to jets in CR: 

εlight(Ntrack)
εb(Ntrack)

εf = εb fb + εlight(1 − fb)
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εf = εfb + ε (1 − fb)

Set number Expected Observed Signal
Model parameters

mXDK
[GeV] mpDK

[GeV] ctpDK
[mm]

1 168 ± 15 ± 5 131 36.7 ± 4.0 600 5 1

2 31.8 ± 5.0 ± 1.4 47 ( 14.6 ± 2.6 )⇥10
2

400 1 60

3 19.4 ± 7.0 ± 5.5 20 15.6 ± 1.6 1250 1 150

4 22.5 ± 2.5 ± 1.5 16 15.1 ± 2.0 1000 1 2

5 13.9 ± 1.9 ± 0.6 14 35.3 ± 4.0 1000 2 150

6 9.4 ± 2.0 ± 0.3 11 20.7 ± 2.5 1000 10 300

7 4.40 ± 0.84 ± 0.28 2 5.61 ± 0.64 1250 5 225
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Displaced Jet (ID DV)
• Search for RPV stop → qμ decays 

• First LLP result to analyze 2018 
data 

• Selects events with displaced ID 
vertex and displaced muon (ID+MS) 
• Conventional triggers: μ and 

calorimeter-based MET
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CMSATLAS 1st SCT barrel layer

barrel radii

ATLAS Large Radius Tracking
• Standard ATLAS track reconstruction efficiency falls 

steeply for Rprod > 10 mm (not so for CMS) 
• Large Radius Tracking (LRT) largely recovers this 

inefficiency 
• Computationally intensive → select O(few %) of 

data for this special processing with signature-
specific filters 

• Run DV reconstruction algorithm on the combined 
standard + large-radius track collection
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Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV



matched 
opposite-side 

MS segment(s)

non-isolated poor 𝜒2/NDF

Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV



Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

material interactions

random track crossings



Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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DV control region DV validation region DV signal region

no preselected DVs preselected DV(s), 
no selected DVs selected DV(s)

Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

• Background sources of displaced muons and vertices are uncorrelated
preselected events

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full  
muon selection

Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

• Background sources of displaced muons and vertices are uncorrelated
preselected events

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full  
muon selection

Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

• Background sources of displaced muons and vertices are uncorrelated
preselected events

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

TFcosmic

TFfake

TFHF

measure transfer factors in DV CR

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full  
muon selection

Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

• Background sources of displaced muons and vertices are uncorrelated
preselected events

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

TFcosmic

TFfake

TFHF

validate in DV VR

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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passes full 
muon selection
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fails fake muon veto

fails HF muon veto

passes full  
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Displaced Jet (ID DV)
• LRT filter: 

• MS μ w/ pT > 60 GeV OR MET > 180 GeV
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Selection level Muon selection Displaced vertex selection
Preselection pT > 25 GeV, |⌘| < 2.5, rDV < 300 mm, |zDV| < 300 mm,

2 mm < |d0| < 300 mm, min(|~rDV � ~rPV|) > 4 mm, �2/NDoF < 5,
|z0| < 500 mm Pass material map veto

Full selection Pass cosmic-muon, fake-muon, nDV
Tracks � 3,

and heavy-flavor vetoes mDV > 20 GeV

• Background sources of displaced muons and vertices are uncorrelated
preselected events

fails cosmic veto

fails fake muon veto

fails HF muon veto

passes full 
muon selection

TFcosmic

TFfake

TFHF

apply in DV SR

(SRs) are required to have at least one fully selected muon and at least one fully selected DV, as described
above. Two orthogonal SRs are defined based on the trigger used to record events. The Muon Trigger SR
uses the MS track trigger described above and requires cluster-based Emiss

T below 180 GeV and a muon
with pT > 62 GeV and |⌘ | < 1.05 to ensure e�cient triggering. This muon is further required to spatially
coincide with the trigger-level muon. The Emiss

T Trigger SR uses the Emiss
T -based trigger described above

and requires that the cluster-based Emiss
T be larger than 180 GeV. The event selection requirements are

summarized in Table 2.

Selection level Emiss

T
Trigger SR Muon Trigger SR

Preselection Selected by Emiss
T trigger, Selected by muon trigger,

Cluster-based Emiss
T > 180 GeV, Cluster-based Emiss

T < 180 GeV,
Selected PV, preselected muon, Selected PV, preselected muon,

Highest-pT muon matches trigger muon
Full selection � 1 full-selection muon, � 1 full-selection DV

Table 2: Event selection requirements

6 Background estimation

The backgrounds for displaced muons described in Section 5 are largely removed by dedicated veto
requirements. Sources of background for DVs include material interactions and randomly intersecting
tracks, which are e�ciently suppressed by requiring mDV > 20 GeV and nDV

Tracks � 3, respectively.

The background estimation used in this analysis relies on the fact that the variables used to reject displaced
muons from background sources are uncorrelated with the variables used to reject displaced vertices
from background. This is exploited in order to estimate backgrounds in the SR from data. The following
subsections describe how the residual backgrounds from cosmic rays, algorithm fakes, and heavy-flavor
decays in the SRs are determined.

6.1 Region definitions

Preselected events are divided into three regions depending on the DV properties:

• DV Control Region (DV CR): no DVs passing the preselection, comprising three sub-regions:

– No DVs with a good fit quality in the volume of interest,

– Only two-track DVs failing the material map veto,

– Only three-track DVs failing the material map veto;

• DV Validation Region (DV VR): preselected DVs not passing the full selection, comprising two
sub-regions:

– Preselected two-track DVs,
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Nexp Nobs

MET-triggered channel 0.34 ± 0.16 (stat) ± 0.16 (syst) 0

Muon-triggered channel 1.88 ± 0.20 (stat) ± 0.28 (syst) 1

good agreement between observations 
and expected background

DV CR DV VR SR
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Displaced Jet (Low EM-Fraction)
• Search for LLP decays in the HCal 

• Low EMCal/HCal energy ratio (EM fraction) 
• No associated tracker activity 
• Narrow energy deposits 

• Main backgrounds: 

• Jets composed of mostly neutral hadrons  

• Beam-induced background (BIB) 
• Muons (traveling parallel to the beam) undergo hard 

bremsstrahlung in HCAL
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Table 1: Topologies considered in this paper, corresponding basic event selection and benchmark models.

Strategy Basic event selection Benchmarks

2MSVx At least 2 MS vertices Scalar portal, Higgs portal baryogenesis,
Stealth SUSY

1MSVx+Jets Exactly 1 MS vertex Stealth SUSYAt least 2 jets with ET > 150 GeV

1MSVx+E
miss
T

Exactly 1 MS vertex Scalar portal with m� = 125 GeV,
E

miss
T > 30 GeV Higgs portal baryogenesis

machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
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The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.
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machine-induced background [39]. This last contribution, usually referred to as beam-induced background,
is composed of particles produced in the hadronic and electromagnetic showers caused by beam protons
interacting with collimators or residual gas molecules inside the vacuum pipe.

To avoid unintended biasing of the results, the signal regions of the 2MSVx and 1MSVx+AO strategies
were blinded during the analysis development.

4 Description of benchmark models

Although the event selections outlined in Section 3 are sensitive to a large variety of models, this paper
interprets the results in terms of three di�erent benchmark models. The first, shown in Figure 1(a), is a
scalar portal model [14], where a SM-like Higgs or lower/higher-mass boson (�) decays into two long-lived
scalars (s). Figure 1(b) shows the second model, Higgs portal baryogenesis [20], in which a SM-like Higgs
boson (h) decays into long-lived Majorana fermions � that decay into fermions, violating baryon and/or
lepton number conservation. The last model, shown in Figure 1(c), is a Stealth SUSY model [7, 8] where
the long-lived singlino (S̃) is produced by a gluino (g̃) in association with a prompt gluon-jet (g). The
singlino decay produces two gluons and a light gravitino.
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Figure 1: Diagrams of the benchmark models studied in this paper: (a) scalar portal model, (b) Higgs portal
baryogenesis model, and (c) Stealth SUSY model. The LLPs in these processes are represented by double lines and
labeled (a) s, (b) �, and (c) S̃. In the Stealth SUSY model, G̃ is the gravitino and S is the singlet. The final-state SM
fermions are labeled as f , and the gluons as g.

The decay channels, the relative masses and lifetimes generated for each model, as well as details about the
Monte Carlo (MC) event generation are described in Section 5.
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Displaced Jet (Timing)
• Search for delayed jets (due to slow/heavy LLP and indirect path) 

• Few ns for TeV scale LLP with L ≈ 1 m 
• First search to use ECal timing to identify delayed jets 

• Backgrounds 
• ECal time resolution tails (inter-calibration uncertainty, crystal-

dependent scintillator rise time variations, run-by-run shifts 
associated with readout electronics) 

• Electronic noise  

• Direct APD hits (~11 ns faster than scintillation light) 
• In-time PU (spread in collision time, varying flight paths) 
• Out-of-time PU 
• Satellite bunches (RF buckets separated by 2.5 ns) 
• Beam halo 

• Cosmic muons
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experimentσ 1 ±95% CL expected 

Displaced Jet (Timing)
• Background predictions from 

ABCD method (3x)
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Delayed/Non-Pointing Photon
• Search for LLP decays to a  photon 
• Similar few ns delay (up to ~10) 

• Utilizes dedicated out-of-time photon 
reconstruction 

• Exploits non-normal ECal incidence angle 
→ elliptical shower 

• Trigger: 

• 2016 - conventional 𝛾𝛾 (pT > 42, 25 GeV) 

• 2017 - 𝛾𝛾 OR dedicated 𝛾 (pT > 60 GeV, 
elliptical shower) + HT > 350 GeV 

• Offline: 
• ≥ 3 jets plus: 

• 2016: 2 displaced photons 
• 2017: 2 displaced photons OR 1 

displaced photon + HT
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• Dominant backgrounds: 𝛾+jet and QCD 

• Jet and photon requirements 
~eliminate non-collision backgrounds 

• Background predicted with ABCD 
method

Delayed/Non-Pointing Photon
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• Search for LL Heavy Neutral Lepton (HNL) with 
small mixing with muon neutrino 

• Utilizes LRT and same DV reconstruction 
algorithm as the displaced jet search 
• LRT filter: 1 prompt and 1 displaced muon 

• SR requires DV with:  
• Exactly 2 OS tracks 

• Tight* muon 
• Tight* electron or muon 

• m > 4 GeV  
• 4 < R < 300 mm

23John Stupak - University of Oklahoma2/15/19

Dilepton DV
[1905.09787]

*minus usual requirement on number of pixel hits 
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Table 5: Observed number of events in the control and validation regions used for estimating the backgrounds in the
non-prompt HNL signature. Transfer factors to translate the number of DVs with no identified leptons to DVs with
two identified leptons are obtained using a same-charge DV control sample. Validation is performed using DVs with
one identified lepton. The estimated number of events in the signal and validation regions is also indicated.

leptons in DV same-charge DV opposite-charge DV opposite-charge DV estimated

2 0 0 (signal region) < 2.3 at 90% CL
1 (µ) 83 89 82.4±9.0
1 (e) 28 35 27.8±5.3
0 169254 168037

backgrounds from hadronic interactions and metastable particle decays provide a negligible contribution442

relative to other sources of backgrounds in the signal region (mDV > 4 GeV).443

Using the same control sample as above with two muons identified in the DV, peaks in the mDV distribution444

are observed at the mass position of the J/ and  (2S) mesons (3.1 GeV and 3.7 GeV, respectively).445

These peaks correspond to decay distances in the range 4� 40 mm, consistent with the decays of b-hadrons446

into J/ and  (2S). From integrating fits to these two peaks in the region mDV > 4 GeV, taking into447

account the fact that this is a statistically enhanced sample with respect to the samples used in the search as448

well as fit uncertainties, a contribution of less than 0.005 background events from J/ and  (2S) decays449

is estimated in the signal region. No contributions from the ⌥ meson are expected due to its short lifetime,450

and indeed no two-muon DVs are found for mDV > 3.85 GeV in the control sample.451

The control region used for the background estimate is defined by requiring the DV to have two tracks of the452

same charge instead of opposite charge (all other requirements being the same). This provides an unbiased453

estimate of all backgrounds in the signal region except those due to the decay of neutral metastable mesons,454

which are discussed above. The background estimate relies on the assumption that the ratio of 2-lepton455

background DVs to 0-lepton background DVs does not depend on the DV charge configuration. The456

number of events observed in the control regions are reported in Table 5. Placing a 90% confidence level457

limit of 2.3 events with 2-lepton DVs in the same-charge DV control region (where 0 are observed), an458

upper limit of 2.3 · 168037/169254 ⇠ 2.3 is obtained for the estimate of 2-lepton DVs in the signal region.459

As a validation, an estimate of 110.2 events (82.4µ + 27.8e) for 1-lepton opposite-charge DVs is obtained460

in the same way, compatible with the 124 observed events (89µ + 35e) within statistical uncertainties.461

6 Results462

Observations in the signal regions are consistent with background expectations in both the prompt and463

non-prompt event selections described in Sections 4 and 5, respectively. For a given HNL mass and lifetime,464

the selection e�ciency is obtained from MC simulations, and uncertainties in e�ciency are estimated.465

Combining this information with the event yield obtained from the integrated luminosity of 36.1 fb �1 and466

32.9 fb�1 for the prompt and non-prompt analyses, respectively and the HNL production cross section and467

branching ratio (as detailed in Section 2.1), a set of choices of HNL coupling strengths (U2) and masses468

(mN ) are excluded at the 95% confidence level. Calculations of confidence intervals and hypothesis testing469

are performed using a frequentist method with the CLs formalism as implemented in RooStats [86]. The470
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one identified lepton. The estimated number of events in the signal and validation regions is also indicated.
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into J/ and  (2S). From integrating fits to these two peaks in the region mDV > 4 GeV, taking into447
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same charge instead of opposite charge (all other requirements being the same). This provides an unbiased453

estimate of all backgrounds in the signal region except those due to the decay of neutral metastable mesons,454

which are discussed above. The background estimate relies on the assumption that the ratio of 2-lepton455

background DVs to 0-lepton background DVs does not depend on the DV charge configuration. The456

number of events observed in the control regions are reported in Table 5. Placing a 90% confidence level457

limit of 2.3 events with 2-lepton DVs in the same-charge DV control region (where 0 are observed), an458
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the selection e�ciency is obtained from MC simulations, and uncertainties in e�ciency are estimated.465

Combining this information with the event yield obtained from the integrated luminosity of 36.1 fb �1 and466
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branching ratio (as detailed in Section 2.1), a set of choices of HNL coupling strengths (U2) and masses468

(mN ) are excluded at the 95% confidence level. Calculations of confidence intervals and hypothesis testing469

are performed using a frequentist method with the CLs formalism as implemented in RooStats [86]. The470

4th February 2019 – 19:07 20

AB
D C

NSR = 0.005

J/Ψ  

Ψ(2S)

CR• Backgrounds 
• Material intersections and 

metastable states studied in CR 
• Found to be negligible for 

mDV > 4 GeV 
• Random track crossing 

background modeled with 
ABCD method 
• Nℓ in DV vs. SS/OS DV tracks
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NA = NB
NC

ND

Dilepton DV
[1905.09787]
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Dilepton DV
[1905.09787]

LL exclusion

prompt 
exclusion

(decay lengths ≈ 1-30 mm)
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Direct Detection
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0 events observed

Magnetic Monopole
• Monopoles are extremely highly-ionizing particles 

• Produce many high-threshold hits in TRT 

• Stop in ECal, after leaving a pencil-shaped energy deposit 
• Dedicated trigger: Based on number and fraction of high-threshold (HT) hits in TRT RoI (w/ HCal energy veto) 
• Offline selection: EM cluster seed with ET > 18 GeV 
• Background modeling: ABCD method 

• Fraction of nearby HT TRT hits 
• EM cluster energy dispersion

27John Stupak - University of Oklahoma11/20/19
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Heavy Stable Charged Particle
• Search for several varieties of heavy stable charged 

particles (HSCP:) squark/gluino R-hadron, chargino, stau 
• Slow, muon-like particle 

• Earlier searches from ATLAS and CMS show intriguing trend 

28John Stupak - University of Oklahoma11/20/19

[1411.6795]

[1606.05129]

[CMS PAS EXO-16-036]

CMS: 12.9 fb−1 @ 13 TeV 

Admittedly, a bit of cherry picking here

[1902.01636]



• Conventional triggers: muon and calorimeter-based MET  
• Pixel detector: dE/dx → βγ 

• Calibration via low-momentum p, π±, K± 

• Resolution ≈ 14% 

• HCal + MS: time of flight → β 
• Calibration via high-momentum μ  
• HCal resolution ≈ 0.07 
• Combined resolution ≈ 0.02 

• Candidate mass calculated separately from dE/dx and ToF info using: m = p/βγ

Heavy Stable Charged Particle

29John Stupak - University of Oklahoma11/20/19

Signal region Trigger Candidate Candidates Final requirements
selection per event |⌘| p [GeV] �ToF (��)dE/dx Mass

SR-Rhad-MSagno Emiss
T id+calo � 1  1.65 � 200  0.75  1.0 ToF & dE/dx

SR-Rhad-FullDet Emiss
T /µ loose � 1  1.65 � 200  0.75  1.3 ToF & dE/dx

SR-Rhad-FullDet Emiss
T /µ id+calo � 1  1.65 � 200  0.75  1.0 ToF & dE/dx

SR-2Cand-FullDet Emiss
T /µ loose = 2  2.00 � 100  0.95 - ToF

SR-1Cand-FullDet Emiss
T /µ tight = 1  1.65 � 200  0.80 - ToF

[1902.01636]
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Fig. 27.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),

February 2, 2010 15:55

ID+calo does not use MS information



Heavy Stable Charged Particle
• Background modeling 

• Probability distribution functions derived for momentum, βToF, and (βγ)dE/dx in data 
sidebands 
• Randomly sampled to determine mToF (and mdE/dx) shape 

• Normalized to data in low mass CR

30John Stupak - University of Oklahoma11/20/19

[1902.01636]

Something to keep an eye on

correlated bins



Disappearing Track
• Search for charged particles which decay within the tracker → “disappearing” track  

• Motivated by anomaly mediated SUSY breaking: 
• Small chargino/neutralino mass gap: chargino → neutralino + soft π± 

• Trigger: exploit ISR to create MET 
• Dedicated: MET > 75 GeV + isolated track with pT > 50 GeV 
• Conventional: Higher MET threshold w/o track requirement 

• Offline event selection: 
• MET > 100 GeV 
• Jet w/ pT > 110 GeV 

• Back to back with MET 
• Δφmax(ji,jk) < 2.5

31John Stupak - University of Oklahoma11/20/19

[1804.07321]



Disappearing Track
• Disappearing track selection: 

• ≥7 consecutive hits in innermost tracker layers (13 total) 
• ≥3 missing hits in outer tracker layers 
• Isolated from calorimeter deposits 
• Tight impact parameter requirements (combinatorial fakes) 

• Dominant backgrounds: 
• Tracks from e (τh) which undergo hard bremsstrahlung 

(material interaction) 
• Fake tracks - naturally no corresponding calorimeter deposit 
• Both backgrounds estimated using fully data-driven methods

32John Stupak - University of Oklahoma11/20/19

[1804.07321]
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Summary of Results
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Summary of Results
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CMS long-lived particle searches, lifetime exclusions at 95% CL



Gluino R-Hadron
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5 Summary of Model Constraints

The result space spanned by the detector signatures reported in Sec. 4 has a non-trivial mapping onto
the models described in Sec. 2. Even a particular BSM final state may give rise to a mixture of detector
signatures that depend on the LLP lifetime and boost. Conversely, a given experimental study often
implies limits on the parameters of a variety of models.

In this section and the figures contained therein, we summarize the current limits for a selection of
LLP scenarios as a function of lifetime. When possible, we show not only the observed limits, which
can be subject to statistical fluctuations, but also the limits expected for an average measurement
given the sensitivity of the analysis. Given the multi-parameter nature of the models, these limits
include assumptions made by the analysts regarding the values of parameters that are not shown in the
figures. We also note that this summary reflects a current snapshot. In particular, when comparing the
sensitivities of di↵erent search methods, one should account for the di↵erent integrated luminosity and
center-of-mass energy of the data used to obtain each result.

5.1 Long-Lived g̃

In Split-SUSY (see Sec. 2.1.3), long-lived gluinos hadronize to form color-singlet R-hadrons which, if
metastable, can decay to hadronic jets and the lightest neutralino via a virtual intermediate squark.
Various detector signatures are sensitive to this signal for di↵erent gluino lifetimes, as shown in Fig. 18.

Figure 18: A broad range of limits on the mass vs. lifetime of the gluino is obtained from a number of
searches [253, 254, 224, 187, 250, 251, 184, 185]. When available, dashed lines and open circles denote
the expected limits given the experimental sensitivity, while solid lines and filled circles represent the
limits that were actually observed in the experiment. Circles at lifetime values labeled as “prompt”
denote a search based on a prompt signature, rather than a long-lived one.

47

[1810.12602]
somewhat out 
of date now
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H→XX→4b
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mX = 40 GeV
mX = 43 GeV

mX = 30 GeV
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Future Prospects
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Disappearing Track
• ATLAS disappearing track reconstruction requires hits on all 4 pixel layers, vetoes hits in SCT 

• In pure Higgsino scenario, chargino proper lifetime is just 7 mm ≲ c𝜏 ≲ 14 mm 

• Use 3-hit “tracklets” 
• Fake rate increases drastically 

• Reconstruct soft (pT ≳ 300 MeV) π± with dedicated algorithm in RoI around tracklet 

• Require consistency with 2 track DV 
• Ready for Run 2 data reprocessing (imminent)
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[ATL-PHYS-PUB-2019-011]

tracker 
barrel 
radii



Disappearing Track
• For HL-LHC, ATLAS tracker will be replaced 

• 5 pixel layers 
• 4 double-sided silicon strip layers 

• |𝜂|< 4

John Stupak - University of Oklahoma

• Compared to Run 2 PU, 
tracklet fake rate will 
increase by factor ~200 
• Totally dominates the 

background

3911/20/19

[ATL-PHYS-PUB-2018-031]

sensitivity up 
to m ≳ 1 TeV!
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L1 Trigger
• Triggering for H(125)→XX→4j signal with X proper lifetimes c𝜏 = O(10 mm) is a 

significant challenge 

• CMS plans to have L1 track trigger for HL-LHC 

• Baseline design could be extended to reconstruct tracks with impact parameters in 
few cm range 

• Track jet clustering can be done in firmware, enabling displaced jet tagging at L1!
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Conclusion
• Many recent/ongoing searches for LLPs at the LHC 

• Interest only likely to grow as conventional searches 
continue to come up null, and data doubling time increases 

• A wide variety of LLP signatures currently covered at the LHC 

• But certainly plenty of gaps and/or room for improvement 
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Stop R-Hadron
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Figure 19: Limits on the mass vs. lifetime of a long-lived stop squark decaying via RPV couplings,
obtained from LLP searches at LHC [255, 256, 257, 258, 259, 227, 226, 61, 250, 249, 185, 184]. When
available, dashed lines and open circles denote the expected limits while solid lines and closed circles
represent the observed limits. If no LLP signature is labeled, the contours show the sensitivity from a
search for prompt decays.

In the small lifetime region, searches for prompt decays of gluinos set the tightest limits. Their
sensitivity decreases at moderate lifetimes, as hadronic jet reconstruction breaks down due to jet-
quality requirements that are optimized for prompt jets. Both the ATLAS and CMS collaborations
have produced results to this e↵ect [253, 254]. If the decays predominantly occur within the ID, a
striking DV signature together with significant MET allows for a very sensitive search, excluding gluino
masses up to 2.4 TeV for lifetimes around 100 ps [224]. At longer lifetimes, sensitivity is provided by
searches for anomalous-ionization, stopped particles decaying out of time, and slow-moving CLLPs [187,
250, 251, 184, 185].

5.2 Long-Lived t̃

Various models allow for a stop squark LSP that may decay via RPV couplings, and many searches
have been performed by ATLAS and CMS for di↵erent RPV couplings. A summary of relevant limits
is shown in Fig. 19.

Prompt searches and short-lifetime reinterpretations of prompt searches have coverage up to lifetimes
of roughly 100 ps, especially for leptonic decays of the stop [255, 256, 257, 258, 259]. Dedicated LLP
searches provide significantly stronger limits for a range of lifetimes from about 10 ps to 1 ns [227,
226, 61, 185, 184]. Searches for out-of-time decays of stopped particles are sensitive to long-lived stop
squarks provided the decay products deposit su�cient energy in the calorimeter. Existing stopped

48

[1810.12602]



Chargino
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Figure 20: Limits on the chargino mass as a function of its lifetime in AMSB SUSY scenarios, obtained
from LHC and LEP2 searches [190, 191, 193, 187, 260]. The chargino is assumed to be largely wino-like.
When available, dashed lines denote the expected limits while solid lines represent the observed limits.
The limits from LEP2 use a combination of prompt analyses, CLLP searches, and radiation-based
searches [260].

particle searches have set limits in a relatively unmotivated model of long-lived stop squarks decaying
via a gauge coupling to t�̃. These limits should, however, apply to other decay signatures given enough
calorimeter energy deposition. In the limit that the stop is detector-stable, CLLP searches [250, 249]
have significant sensitivity excluding stop masses below about 1200 GeV.

5.3 AMSB SUSY

As described in Sec. 2.1.2, AMSB SUSY can give rise to a small mass splitting between the lightest
chargino and lightest neutralino. A summary of relevant searches is shown in Fig. 20.

The experiments at LEP2 set combined limits using multiple techniques, and exclude chargino
masses up to around 100 GeV across lifetime space [260]. Relying on the fact that the charged chargino
daughter is too soft to be tracked, dedicated disappearing-track searches from the LHC set tighter
limits, up to around 700 GeV, for lifetimes between about 20 ps and several hundred ns [188, 189,
190, 191, 192, 193]. Searches for anomalous ionization are sensitive to longer tracks, corresponding to
longer lifetimes. The Run-1 iteration of this search from ATLAS sets limits on long-lived charginos
with lifetimes from 1 ns up to the stable case. Charginos are excluded up to about 480 GeV for the
entirety of the lifetime range of 0.2 ns to stable.

While not motivated by AMSB, models with a pure-Higgsino LSP also obtain small mass splittings
between the lightest chargino and the neutralino LSP. Such models predict lifetimes of order 10 ps.
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Figure 22: Magnetic monopole mass limits from ATLAS and MOeDAL searches [202, 212] are shown
as a function of magnetic charge for various spins, under the assumption of a Drell-Yan-like pair-
production mechanism. These interpretations are primarily useful for comparing experimental results,
but are otherwise unreliable, as the large coupling makes perturbative calculations diverge.

5.5 Magnetic Monopoles

A summary of searches for magnetic monopoles can be found in Fig. 22 for various spin and magnetic
charge assumptions. Despite the non-perturbative nature of monopole production, limits are obtained
assuming Drell-Yan-like production. Results shown were obtained by searches at ATLAS [202] and
MoEDAL [212] with mass limits as large as 1790 GeV for a magnetic charge of 3QD and spin 1.

The two experiments used very di↵erent data set sizes and techniques. Nonetheless, with ATLAS
limits dominating at small values of qm and the higher-charge regime being covered by MoEDAL, this
current snapshot shows complementarity between the searches performed at a general-purpose detector
and those at a dedicated experiment.

51

[1810.12602]



J. Antonelli      ICHEP 2016, Aug 6th 2

neutral 
charged 
any charge

displaced 
dilepton

displaced
lepton

displaced 
photon

displaced 
conversion

displaced
vertex

displaced  
dijet

disappearing  
track

HSCP BSM 
lepton 
quark 
photon 
anything

Not pictured: 
stopped particles

covered in 
this talk

LLP Schematic

John Stupak - University of Oklahoma 4611/20/19

[Jamie Antonelli]



Heavy Stable Charged Particle

47John Stupak - University of Oklahoma11/20/19

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

TILE
β

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

Fr
ac

tio
n 

of
 m

uo
ns

Data
 simulationµµ→Z

ATLAS
-1 = 13 TeV, 36.1 fbs

-1.7

-1.6

-1.5

-1.4

-1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
1.3

1.4

1.5

1.6
1.7

1.02.03.04.05.06.0d [m]

η

βσ0.0 0.05 0.1 0.15 0.2 0.25

ATLAS
-1 = 13 TeV, 36.1 fbs

[1902.01636]



 [GeV]
DKXm

400 600 800 1000 1250 1500 2000

 [m
m

]
D

K
πτc

1

2

5

25

45

60

100

150

225

300

500

1000

A

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1 1 4 4 4 4 4

1 1 4 4 4 4 4

5 7 7 7 7 7 7

5 5 5 7 7 7 7

5 5 5 7 7 7 7

5 5 5 7 7 7 7

6 6 6 7 7 7 7

5 5 6 6 7 7 7

6 6 6 6 7 7 7

3 3 3 3 3 3 7

3 3 3 3 3 3 3

3 3 3 3 3 3 3

= 5 GeV)
DKπ

(m Simulation CMS  (13 TeV)

Ev
en

ts

0

50

100

150 Data

Predicted

Predicted unc.

 (13 TeV)-116.1 fb

CMS

 [GeV]TH
1000 1200 1400 1600 1800 2000 2200 2400

U
nc

.
(D

at
a 

- P
re

d.
)

4−
2−
0
2
4

Je
ts

0

100

200

300

Data

Predicted

Predicted unc.

 (13 TeV)-116.1 fb

CMS

Track multiplicity
5 10 15 20 25 30 35 40

U
nc

.
(D

at
a 

- P
re

d.
)

4−
2−
0
2
4

Emerging Jets

48John Stupak - University of Oklahoma11/20/19

[1810.10069]

Set number Source of uncertainty (%)
b quark fraction non-b quark composition

1 2.8 1.4
2 0.6 4.4
3 2.9 28.3
4 5.0 4.4
5 0.9 4.0
6 1.6 2.1
7 1.0 6.3

Source Uncertainty (%)
Track modeling <1 – 3
MC event count 2 – 17
Integrated luminosity 2.5
Pileup <1 – 5
Trigger 6 – 12
JES <1 – 9
PDF <1 – 4

3Dα
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DKπτc

 (13 TeV)

CMS
Simulation 

Set number Expected Observed Signal
Model parameters

mXDK
[GeV] mpDK

[GeV] ctpDK
[mm]

1 168 ± 15 ± 5 131 36.7 ± 4.0 600 5 1

2 31.8 ± 5.0 ± 1.4 47 ( 14.6 ± 2.6 )⇥10
2

400 1 60

3 19.4 ± 7.0 ± 5.5 20 15.6 ± 1.6 1250 1 150

4 22.5 ± 2.5 ± 1.5 16 15.1 ± 2.0 1000 1 2

5 13.9 ± 1.9 ± 0.6 14 35.3 ± 4.0 1000 2 150

6 9.4 ± 2.0 ± 0.3 11 20.7 ± 2.5 1000 10 300

7 4.40 ± 0.84 ± 0.28 2 5.61 ± 0.64 1250 5 225
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ct (m) L  300 TeV L > 300 TeV
2016 2017g 2017gg 2016 2017g 2017gg

(0, 0.1) 0 , 250 0.5 , 300 0.5 , 150 0 , 250 0.5 , 300 0.5 , 200
(0.1 , 100) 1.5 , 100 1.5 , 200 1.5 , 150 1.5 , 150 1.5 , 300 1.5 , 200

optimized ABCD boundaries:

Systematic uncertainty Sig/Bkg Bins 2016 2017 Correlation
Integrated luminosity Sig A,B,C,D 2.5% 2.3% Uncorrelated
Photon energy scale Sig A,B,C,D 1% 2% Correlated
Photon energy resolution Sig A,B,C,D 1% 1% Correlated
Jet energy scale Sig A,B,C,D 1.5% 2% Correlated
Jet energy resolution Sig A,B,C,D 1.5% 1.5% Uncorrelated
Photon time bias Sig A,B,C,D 1.5% 1% Correlated
Photon time resolution Sig A,B,C,D 0.5% 0.5% Correlated
Trigger efficiency Sig A,B,C,D 2% <1% Uncorrelated
Photon identification Sig A,B,C,D 2% 3% Correlated
Closure in bin C (ct  0.1 m) Bkg C 2% 3.5% Correlated
Closure in bin C (ct > 0.1 m) Bkg C 90% 90% Correlated

2017g category
Bin boundary
[tg (ns), pmiss

T (GeV)] A B C D

(0.5, 300)
Ndata

obs 458 372 281 41 67 655
Npost-fit

bkg 458 370 ± 660 281 ± 15 41.4 ± 2.4 67 660 ± 280

Npost-fit
bkg(no C) 460 369 ± 660 281 ± 16 41.5 ± 2.7 67 660 ± 280

(1.5, 200)
Ndata

obs 524 652 1364 1 332
Npost-fit

bkg 524 650 ± 710 1364 ± 36 0.9 ± 0.8 330 ± 20

Npost-fit
bkg(no C) 524 650 ± 700 1364 ± 35 0.9 ± 1.0 330 ± 20

(1.5, 300)
Ndata

obs 525 694 322 0 333
Npost-fit

bkg 525 690 ± 700 322 ± 17 0.19 ± 0.21 330 ± 20

Npost-fit
bkg(no C) 525 690 ± 700 322 ± 17 0.20 ± 0.24 330 ± 20

2017gg category

(0.5, 150)
Ndata

obs 21 640 362 56 3201
Npost-fit

bkg 21 640 ± 140 364 ± 17 54.0 ± 3.0 3200 ± 60

Npost-fit
bkg(no C) 21 640 ± 140 362 ± 18 53.6 ± 3.3 3200 ± 60

(0.5, 200)
Ndata

obs 21 863 139 24 3233
Npost-fit

bkg 21 860 ± 140 142 ± 11 21.1 ± 1.7 3240 ± 60

Npost-fit
bkg(no C) 21 860 ± 140 139 ± 11 20.6 ± 1.8 3230 ± 60

(1.5, 150)
Ndata

obs 24 824 418 0 17
Npost-fit

bkg 24 820 ± 150 420 ± 20 0.25 ± 0.28 16.7 ± 4.4

Npost-fit
bkg(no C) 24 820 ± 150 420 ± 20 0.29 ± 0.36 17.0 ± 4.4

(1.5, 200)
Ndata

obs 25 079 163 0 17
Npost-fit

bkg 25 080 ± 150 163 ± 12 0.11 ± 0.12 16.9 ± 4.4

Npost-fit
bkg(no C) 25 080 ± 150 163 ± 12 0.11 ± 0.14 17.0 ± 4.4
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FIG. 1. An event topology with an LLP X decaying into two
light SM particles a and b. A timing layer, at a transverse
distance LT2 away from the beam axis (horizontal gray dotted
line), is placed at the end of the detector volume (shaded
region). The trajectory of a reference SM background particle
is also shown (blue dashed line). The gray polygon indicates
the primary vertex.

timing layer with a time delay

�t
i
delay =

`X

�X
+

`i

�i
�

`SM

�SM
, (1)

for ith decay products from X and �i ' �SM ' 1. It
is necessary to have prompt particles from production
or decay, or ISR, which arrives at timing layer with the
speed of light, to derive the time of the hard collision at
the primary vertex (to “timestamp” the hard collision).

In Fig. 2, we show typical time delay �t distribution
for CMS MTD for benchmark signals and the back-
grounds. The two benchmark signals considered here
are the glueballs from Higgs boson decays, and the
neutralino and chargino pair production in the Gauge
Mediated SUSY Breaking (GMSB) scenario [2, 3]. Both
the glueballs and lightest neutralino proper lifetimes
are set to have c⌧ = 10 m. The 10 GeV glueballs
have larger average boost comparing to the 50 GeV
glueballs, and hence have a sizable fraction of the signals
with delays less than 1 ns. The GMSB signal is not
boosted and hence significantly delayed compared to the
backgrounds, with more than 70% of the signal having
�t > 1 ns.

Search strategy.— We consider events with at least one
ISR jet to timestamp the PV and one delayed SM object
coming from the LLP decay. We propose two searches
using the time delay information:

LT2 LT1 Trigger ✏trig ✏sig ✏
j
fake Ref.

MTD 1.17 m 0.2 m DelayJet 0.5 0.5 10�3 [12]

MS 10.6 m 4.2 m MS RoI 0.25, 0.5 0.25 5 ⇥ 10�9 [16]

The size of the detector volume is described by transverse
distance to the beam pipe from LT1 to LT2 , where LT2 is

FIG. 2. The di↵erential �t distribution for typical signals
and backgrounds at 13 TeV LHC. The plot is normalized to
the fraction of events per bin with varying bin sizes, in linear
(�t < 1 ns) and logarithmic scale (> 1 ns) respectively. Two
representative signal models are shown with di↵erent masses.
The LLP proper lifetime is set to 10 m, and the distribution
only counts events decayed within [LT1 , LT2 ] of [0.2, 1.17] m
in the transverse direction, following the geometry of CMS
MTD in the barrel region. For the background distribution
shown in gray curves, we assume bunch spacing of 25 ns. The
solid and dashed gray curves represent backgrounds from the
same hard collision vertex and hence with a precision timing
uncertainty of �PT

t = 30 ps and from the pile-up with a spread
of �t = 190 ps, respectively.

the timing layer location and LT1 is the minimal displace-
ment requirement for a analysis. For both searches, we
assume a similar timing resolution of 30 ps. For the MS
search, because of the larger time delay and much less
background due to “shielding” by inner detectors, a time
resolution of 0.2 - 2 ns could achieve a similar physics
reach. The ✏trig, ✏sig and ✏

j
fake are the e�ciencies for trig-

ger, signal selection and a QCD jet faking the delayed
jet signal with pT > 30 GeV in MTD and MS searches,
respectively.

For the MTD search, we assume a new trigger strat-
egy dubbed “DelayJet” using precision timing informa-
tion at CMS. This can be realized by putting a minimal
time delay cut when comparing the prompt timestamping
jet (with pT > 30 GeV) with the arrival time of another
jet (with pT > 30 GeV) at the timing layer. In sup-
plemental material section (d), we describe some of the
recent e↵ort by the experimental collaboration to imple-
ment this in the triggering upgrade.

The MTD signal, after requiring LT1 of 0.2 m, will not
have good tracks associated with it. Hence, the major
SM background is from trackless jets. The jet fake rate
of ✏

j,MTD
fake = 10�3 is estimated using Pythia [20] by simu-

lating the jets with minimal pT of 30 GeV and study the
anti-kt jets with R = 0.4, where all charged constituent
hadrons are too soft (pT < 1 GeV). For comparison with
other studies, see supplemental material section (c).
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Muon Trigger Selection

Background source (i) Transfer factor (fi)

Cosmic-ray muons (4.0± 0.2 (stat.)± 0.5 (syst.))⇥ 10
�3

Fake muons (1.0± 0.3 (stat.)± 0.5 (syst.))⇥ 10
�2

Heavy-flavor muons (9.1± 1.6 (stat.)± 4.0 (syst.))⇥ 10
�2

Source of uncertainty Relative impact on ✏sel for signal events [%]

Total 18� 20

Tracking and vertex reconstruction 15

Displaced muon e�ciency 10� 12

Prompt muon e�ciency (0.01� 0.7) � (0.9� 4.0)
Radiation modeling in MC simulation 3

Pileup modeling 0.37� 2.2
Hadronic energy scale and resolution (a↵ecting Emiss

T ) 2.1
Integrated luminosity of dataset 1.7
Emiss

T trigger e�ciency < 0.2
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Displaced Jet (Low-EM Fraction)
[1902.03094]

BIB enriched data
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Displaced Lepton Jet
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ATLAS Detector
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ABCD
• Info from Will Buttinger: https://

twiki.cern.ch/twiki/bin/view/Main/
ABCDMethod  

• Including info on likelihood-based 
approach (which can account for 
signal contamination) 
• Simultaneous signal and 

background fit 

• Signal normalization 
controlled by μ 

• Background constrained to 
obey ABCD relation (within 
uncertainty)
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(a) Nominal regions (b) Possible validation regions 1

(c) Possible validation regions 2 (d) Possible validation regions 3

Figure 10: Illustrations of the nominal signal and control regions, and possible validation and ac-
companying control regions. The ability to define the validation regions depends on the discreteness
of the observables defining the plane.
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