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New Physics? Where?
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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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2• Do we need more data? More energy?  
Are we looking in the right place? 

• New Physics could be rich in either charged or 
neutral Long-Lived Particles (LLPs) 
• Unusual energy deposits

• Displaced vertices

• Long time-of-flight 

• Exotic searches → unconventional backgrounds! 
• Detector noise & Machine-induced background

• Fluctuations in energy deposits 

• Data-driven approaches



Pixel dE/dx 
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• Target: massive charged LLPs → Low β

• Pixel dE/dx information → Bethe-Bloch → βɣ 

• Mass estimate from βɣ and momentum

• Selection exploiting missing ET and tracks with large dE/dx 

• 8 signal regions targeting different LLP masses and lifetime regimes
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Figure 1: Production diagrams for (a) pair-produced gluinos which form '-hadrons, (b) pair-produced charginos, and
(c) pair-produced sleptons.

2 ATLAS detector and dK/dx measurement

The ATLAS detector is a general-purpose detector with a forward–backward-symmetric cylindrical layout
covering nearly 4c in solid angle [34]. It consists of an inner detector (ID) tracking system, to measure the
trajectories of charged particles, surrounded by a 2 T solenoid, followed by calorimeters to measure the
energy of particles that interact electromagnetically or hadronically, and a muon spectrometer (MS) inside
toroidal magnets to provide additional tracking for muons. The detector is hermetic within its [ acceptance
and can therefore measure the missing transverse momentum ( Æ? miss

T , with magnitude ⇢miss
T ) associated with

each event. A two-level trigger system is used to select events [43]. The first-level trigger is implemented
in hardware and uses a subset of the detector information. This is followed by a software-based high-level
trigger, which runs calibration and prompt reconstruction algorithms, reducing the event recording rate
to about 1 kHz. An extensive software suite [44] is used in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

The ID is made of three detector systems organised in concentric regions covering |[ | < 2.5. The outermost
system (TRT) [45] is made of densely packed 4-mm-diameter cylindrical drift tubes covering |[ | < 2. The
TRT covers the radial region from 60 cm to 100 cm and provides many (>30) measurements with 0.13 mm
(A–q) accuracy, thus contributing to momentum measurement accuracy and robustness. The radial region
from 30 cm to 60 cm is equipped with silicon microstrip detectors (SCT), providing at least four layers
of double-sided strip modules with a 40 mrad stereo angle along trajectories within |[ | < 2.5 [46]. The
innermost region is covered by a silicon pixel detector [31–33], which, being crucial for this measurement,
is described below in some detail.

The pixel detector provides, on average, four precision measurements for each track in the region |[ | < 2.5
at radial distances of 3.4 cm to 13 cm from the LHC beam line. Compared to the other layers, the innermost
pixel layer (IBL) [32, 33] has smaller-area pixels, reduced thickness, faster electronics, and provides
charge measurements with lower resolution and dynamic range. At normal incidence and without any
radiation damage, the average charge released by a minimum-ionising particle (MIP) in a pixel sensor
is approximately 20 000 4

� (16 000 4
� for the IBL) and the charge threshold (i.e. the minimum value

for a charge to be recorded) is typically set to 3500 ± 40 4
� (2500 ± 40 4

� for the IBL). If the charge
released in a pixel exceeds the IBL dynamic range (which is set at approximately 30 000 4

�) an overflow
bit (OFIBL) is set. The overflow mechanism is not present in the outer pixel layers, and hits exceeding the
dynamic range (⇠200 000 4

�) are lost. The presence of an IBL overflow bit (OFIBL = 1) indicates that a

4

g̃	--1


g̃	--1

p

p

�̃0
1

q

q

�̃0
1

q

q
(a)

�̃1
±
	--1


�̃⌥
	--1
1p

p

�̃0
1

⇡±

�̃0
1

⇡⌥

(b)

`̃ 	--1


`̃ 	--1

p

p

G̃

`

G̃

`
(c)

Figure 1: Production diagrams for (a) pair-produced gluinos which form '-hadrons, (b) pair-produced charginos, and
(c) pair-produced sleptons.

2 ATLAS detector and dK/dx measurement

The ATLAS detector is a general-purpose detector with a forward–backward-symmetric cylindrical layout
covering nearly 4c in solid angle [34]. It consists of an inner detector (ID) tracking system, to measure the
trajectories of charged particles, surrounded by a 2 T solenoid, followed by calorimeters to measure the
energy of particles that interact electromagnetically or hadronically, and a muon spectrometer (MS) inside
toroidal magnets to provide additional tracking for muons. The detector is hermetic within its [ acceptance
and can therefore measure the missing transverse momentum ( Æ? miss

T , with magnitude ⇢miss
T ) associated with

each event. A two-level trigger system is used to select events [43]. The first-level trigger is implemented
in hardware and uses a subset of the detector information. This is followed by a software-based high-level
trigger, which runs calibration and prompt reconstruction algorithms, reducing the event recording rate
to about 1 kHz. An extensive software suite [44] is used in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

The ID is made of three detector systems organised in concentric regions covering |[ | < 2.5. The outermost
system (TRT) [45] is made of densely packed 4-mm-diameter cylindrical drift tubes covering |[ | < 2. The
TRT covers the radial region from 60 cm to 100 cm and provides many (>30) measurements with 0.13 mm
(A–q) accuracy, thus contributing to momentum measurement accuracy and robustness. The radial region
from 30 cm to 60 cm is equipped with silicon microstrip detectors (SCT), providing at least four layers
of double-sided strip modules with a 40 mrad stereo angle along trajectories within |[ | < 2.5 [46]. The
innermost region is covered by a silicon pixel detector [31–33], which, being crucial for this measurement,
is described below in some detail.

The pixel detector provides, on average, four precision measurements for each track in the region |[ | < 2.5
at radial distances of 3.4 cm to 13 cm from the LHC beam line. Compared to the other layers, the innermost
pixel layer (IBL) [32, 33] has smaller-area pixels, reduced thickness, faster electronics, and provides
charge measurements with lower resolution and dynamic range. At normal incidence and without any
radiation damage, the average charge released by a minimum-ionising particle (MIP) in a pixel sensor
is approximately 20 000 4

� (16 000 4
� for the IBL) and the charge threshold (i.e. the minimum value

for a charge to be recorded) is typically set to 3500 ± 40 4
� (2500 ± 40 4

� for the IBL). If the charge
released in a pixel exceeds the IBL dynamic range (which is set at approximately 30 000 4

�) an overflow
bit (OFIBL) is set. The overflow mechanism is not present in the outer pixel layers, and hits exceeding the
dynamic range (⇠200 000 4

�) are lost. The presence of an IBL overflow bit (OFIBL = 1) indicates that a

4

g̃	--1


g̃	--1

p

p

�̃0
1

q

q

�̃0
1

q

q
(a)

�̃1
±
	--1


�̃⌥
	--1
1p

p

�̃0
1

⇡±

�̃0
1

⇡⌥

(b)

`̃ 	--1


`̃ 	--1

p

p

G̃

`

G̃

`
(c)

Figure 1: Production diagrams for (a) pair-produced gluinos which form '-hadrons, (b) pair-produced charginos, and
(c) pair-produced sleptons.

2 ATLAS detector and dK/dx measurement

The ATLAS detector is a general-purpose detector with a forward–backward-symmetric cylindrical layout
covering nearly 4c in solid angle [34]. It consists of an inner detector (ID) tracking system, to measure the
trajectories of charged particles, surrounded by a 2 T solenoid, followed by calorimeters to measure the
energy of particles that interact electromagnetically or hadronically, and a muon spectrometer (MS) inside
toroidal magnets to provide additional tracking for muons. The detector is hermetic within its [ acceptance
and can therefore measure the missing transverse momentum ( Æ? miss

T , with magnitude ⇢miss
T ) associated with

each event. A two-level trigger system is used to select events [43]. The first-level trigger is implemented
in hardware and uses a subset of the detector information. This is followed by a software-based high-level
trigger, which runs calibration and prompt reconstruction algorithms, reducing the event recording rate
to about 1 kHz. An extensive software suite [44] is used in the reconstruction and analysis of real and
simulated data, in detector operations, and in the trigger and data acquisition systems of the experiment.

The ID is made of three detector systems organised in concentric regions covering |[ | < 2.5. The outermost
system (TRT) [45] is made of densely packed 4-mm-diameter cylindrical drift tubes covering |[ | < 2. The
TRT covers the radial region from 60 cm to 100 cm and provides many (>30) measurements with 0.13 mm
(A–q) accuracy, thus contributing to momentum measurement accuracy and robustness. The radial region
from 30 cm to 60 cm is equipped with silicon microstrip detectors (SCT), providing at least four layers
of double-sided strip modules with a 40 mrad stereo angle along trajectories within |[ | < 2.5 [46]. The
innermost region is covered by a silicon pixel detector [31–33], which, being crucial for this measurement,
is described below in some detail.

The pixel detector provides, on average, four precision measurements for each track in the region |[ | < 2.5
at radial distances of 3.4 cm to 13 cm from the LHC beam line. Compared to the other layers, the innermost
pixel layer (IBL) [32, 33] has smaller-area pixels, reduced thickness, faster electronics, and provides
charge measurements with lower resolution and dynamic range. At normal incidence and without any
radiation damage, the average charge released by a minimum-ionising particle (MIP) in a pixel sensor
is approximately 20 000 4

� (16 000 4
� for the IBL) and the charge threshold (i.e. the minimum value

for a charge to be recorded) is typically set to 3500 ± 40 4
� (2500 ± 40 4

� for the IBL). If the charge
released in a pixel exceeds the IBL dynamic range (which is set at approximately 30 000 4

�) an overflow
bit (OFIBL) is set. The overflow mechanism is not present in the outer pixel layers, and hits exceeding the
dynamic range (⇠200 000 4

�) are lost. The presence of an IBL overflow bit (OFIBL = 1) indicates that a

4

0 0.5 1 1.5 2 2.5 3 3.5 4
γβ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2

D
en

si
ty

 [a
.u

.]

m = 2.2 TeV, Gluino
m = 1.3 TeV, Chargino
m = 400 GeV, Stau

 = 13 TeVs
ATLAS Simulation

Acceptance 
of this search

m =
p

dE/dx

arXiv:2205.06013

SUSY Benchmark models



Pixel dE/dx
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• Background due to dE/dx fluctuations

• Fully data-driven background estimation (based on pseudo-data generation from CRs)

• Agreement with SM predictions in all-except-one SR

3−10

2−10

1−10
1

10

210

310

410

510

610

En
tri

es
 / 

10
0 

G
eV

O
ve

rfl
ow

0 1000 2000 3000 4000 5000

m [GeV]

1−10

1

10

D
at

a 
/ P

re
d.

Observed

Expected

) = 10 nsg~(τ) = 100 GeV, 0
1
χ∼) = 2.2 TeV, m(g~m(

) = 10 ns±

1
χ∼(τ) = 1.3 TeV, ±

1
χ∼m(

) = 10 nsτ∼(τ) =  400 GeV, τ∼m(

SR-Inclusive_High

1− = 13 TeV,  139 fbs
| < 1.8η > 120 GeV, |trk

T
p

ATLAS

3−10

2−10

1−10
1

10

210

310

410

510

610

En
tri

es
 / 

10
0 

G
eV

O
ve

rfl
ow

0 1000 2000 3000 4000 5000

m [GeV]

1−10

1

10

D
at

a 
/ P

re
d.

Observed

Expected

) = 10 nsg~(τ) = 100 GeV, 0
1
χ∼) = 2.2 TeV, m(g~m(

) = 10 ns±

1
χ∼(τ) = 1.3 TeV, ±

1
χ∼m(

) = 10 nsτ∼(τ) =  400 GeV, τ∼m(

SR-Inclusive_Low

1− = 13 TeV,  139 fbs
| < 1.8η > 120 GeV, |trk

T
p

ATLAS

arXiv:2205.06013

3.6σ local deviation from SM for m=1.4 TeV 
(3.3σ global significance)Complementarity with other ATLAS  

LLP searches 

dE/dx  > 2.41.8 < dE/dx  < 2.4

Cross-checks with other subdetectors 
suggest β~1 for these tracks

arXiv 2201.02472

arXiv 1902.01636

ATL-PHYS-PUB-2022-013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-013/


• Exotic heavy fermions with high electric charge (up to z=7) 

• Long-lived → hits in the ID + MS → reconstructed as muons

• Missing ET, single muon and late-muon triggers for maximum signal acceptance

• Two signal regions defined on dE/dx significance and/or fraction of high-

threshold TRT hits

Multi-Charged particles
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ATLAS DRAFT

3.2 Production of stable multi-charged particles in the ATLAS experiment229

In the ATLAS detectors, elementary MCPs would leave the same signature as new leptons with charge of230

z � 2. Due to their electric charges they can be produced in the Drell–Yan (DY) processes. In addition they231

can be pair-produced from radiated photons (DY+jets events) and using photon-fusion (PF) production232

mechanism (see Refs. [23] and [24]), both of which give an increase of the production cross section. This233

analysis deals with DY+PF production modes only (though the details of DY-only and PF-only analyses are234

available in Appendix E). Feynman diagrams for both of these production modes are shown in Figure 1.235
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Figure 1: LO Feynman diagrams of MCP-generation processes: left: DY process, right: PF process (t-channel
diagram; see Refs. [24] and [25]).

For particles with charge z  7, radiative corrections are typically of the order of z2↵/⇡ < 0.1, where ↵ is236

the fine-structure constant. For instance, in the ultrarelativistic case, FSR-photon production (this is NLO237

process in our case) is proportional to 3↵z2/(4⇡) and for z = 7 it is 0.091, which shows that perturbation238

theory is applicable for this range of charges.239

MCPs can also have some specific technicolor or y-charges, which ordinary particles do not possess. These240

new charges may also influence final-state e�ects in the production cross section, leading to its additional241

enhancement.242

These e�ects require special study and are not considered here. Therefore, the production cross section in243

the DY+PF processes gives the low-limit estimate for MCPs.244

AC-leptons (A±±, C±±) are charged only over U(1)Y gauge group of SM. They are sterile to SU(2)L of SM,245

which means zero weak isospin: T3 = 0. Therefore their coupling with photon and Z-boson is given by the246

following expression from Ref. [16]:247

LAC-int =  ̄(�eQ�µAµ + ḡQ sin2 ✓W�
µZµ) , (1)

where , Aµ and Zµ are the wave functions of A (or C)-lepton, photon and Z-boson respectively, e =
p

4⇡↵,248

ḡ = e
sin ✓W cos ✓W and sin ✓W are the SM parameters, �µ is Dirac’s gamma-matrix. Note that  =  L +  R,249

i.e. left and right components interact equally as opposed to the conventional leptons. That is why their250

production cross section is enhanced. If the masses of A and C are degenerated, then production of both251

A��A++ and C��C++ should go with an equal rate. In this case A and C types become undistinguishable252

and the total rate of doubly charged leptons production is doubled. If doubly charged AC-leptons possess253

also the y-charge, its interaction interferes with electromagnetic interaction in the final state.254

In the case of technicolor, the production of technibaryons is suppressed due to their composite nature and255

here we estimate production cross section for technileptons only [26].256
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• Background due to random fluctuations of the energy loss

• Data driven (ABCD) background estimation 

• No excess! → Limits set on MCP production cross section 

for MCP mass up to ~1.7 TeV
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Jets + Displaced Vertices
• General search for heavy LLPs decaying in hadrons

• Looking for an excess in multi-jet events with  

reconstructed Displaced Vertices 

• DV reconstruction possible up to 300 mm thanks to Large Radius Tracking 

• Two cut-and-count SR targeting different jet pT regimes

NEW!
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Jets + Displaced Vertices
• Background: rare hadronic events, accidental track-crossing and 

close-by secondary vertices

• Jet-DV correlation is measured in a signal-free CR and used to 

estimate the background in the SR

• No excess → limits are set on the SUSY benchmark models

NEW!
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1 Introduction

a - Sapienza Università di Roma and INFN Sezione di Roma, Piazzale Aldo
Moro 5, Roma, Italy b - Max-Planck-Institut für Physik, Föhringer Ring 6,
München, Germany c - ENEA Centro Ricerche Casaccia, Via Anguillarese 301,
Roma, Italy d - CERN, Esplanade des Particules 1, Meyrin, Switzerland
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High-pT SR 0.46+0.27
�0.30 1

Trackless-jets SR 0.83+0.51
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NEW!

Displaced di-photon vertex
• Target: heavy particles originating displaced H→ɣɣ or Z→ee 

decays


• Benchmark model: gauge-mediated SUSY breaking with  
long-lived NLSP


• Exploit LAr timing (tavg), 2D position (ρ) of the DV and combined 
mass of the ɣ pair

tavg =
t�1 + t�2

2
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• Background due to fake and mis-measured photons
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Other recent ATLAS 
LLP results
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Summary

12

• ATLAS is a powerful probe for LLP models giving unconventional 
signatures 

• Many analyses looking for it, but no new physics have been found yet!


• Run-3 just started, many new ideas to extend the ATLAS reach:

• Large-radius tracking now available for all events

• New triggers

• Trigger-level analysis

• New ideas for combination & reinterpretation

Stay tuned!

All ATLAS public results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
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Pixel dE/dx calibration
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• Time-over-threshold from pixel sensors → charge measurement

• Overflow (OF1) bit information available to identify pixels where the 

released ionisation is too large

• Average dE/dx is evaluated from all the sub-leading pixel clusters

• dE/dx corrected to account for radiation damage and η 

dependence
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• Calibration performed in a special dataset with low-pT tracks

• Fitted MPV of dE/dx for known particle species 
→ Calibrated MPV-βɣ relation



MCP - Calibration
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• Pixel dE/dx is calibrated following the process of 
the dedicated analysis 

• TRT dE/dx and fHT are corrected for detector 
occupancy, geometrical effects 

• MDT dE/dx measurement is corrected taking into 
account the different response of the detector in 
different regions
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Pixel dE/dx - Background
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Control/Validation regions defined inverting SR cuts
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• dE/dx - and 1/pT sampled from CR to generate toy values of m

• Toy mass distribution normalised to data in a signal-free region
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Jet + DV - background
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• DV are more likely to be found when many jets are present

• CR defined with inverted jet-pT requirements w.r.t. SR and requiring ≥3 track-jets in the event

• DV identification probability (pDV) obtained from CR

• pDV ~ #jets with matched DV in CR / # number of track-jets in CR 

• pDV is then applied to SR jets → estimate of background DV
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