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Essences of the talk
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‣LHC in the intensity fronter vs. BSM search 

‣Long-lived particle searches in ATLAS and underlying techniques 

‣Recent search result: pixel dE/dx 

‣Some HL-LHC prospects



Preamble — The SM
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‣ Ths SM of particle physics is a UV-complete 
renormalizable theory with a extremely 
strong support of expriments.
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Preamble — A decade after the discovery
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‣ The key of the SM concept, the SSB, so far seems 
valid by quasi-precise Higgs measurements 
scrutinied in the last decade in ATLAS/CMS.

‣ The LHC experiments are now attempting to sketch 
the shape of the potential around the VEV in the 
next decade.

https://home.cern/events/anniversary-discovery-higgs-boson

https://home.cern/events/anniversary-discovery-higgs-boson


Preamble — The problematic problem
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‣ The faith that the hierarchy problem should be the first-priority agenda has been threathened  
through the last decade.

Observed limits

Expected limits
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Preamble — Indications of BSM
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‣ However, SM is a priori unsatisfactory to accommodate with gravity. 
‣ But also, SM is empirically unsatisfactory, too. 
‣ The most overwhelming and reliable evidence is DM. 
‣ Recent several experimental anomalies stimulating the HEP field as well.



Breakthrough has been awaited, so long…
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‣ Although it seems less stressed in these days 
than the past… but we know, 
 
The impact of direct discovery of a new 
particle is enormous, once happened. 
 
→ It would become the driving force to 
enterprise the next fundamental projects of 
the HEP field. 

‣ Moreover, the degree of surprise  
(aka. “cross-entropy”) to physics will be larger 
if the discovery takes place in a form which is 
less anticipated to happen. 
 
This does not mean the well-anticipated 
sectors should not be de-prioritized.  
But we need to search wider than that.



LHC as an intensity frontier
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Search frontiers from now on
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Run1 Frontier

Run2 
Frontier

HL-LHC 
prospect

LHC Run2 Frontier 
in progress

Ultimate Boundary 
determined from  and  
(no background)

s ∫ ℒ dt

New machine needed

‣ The LHC has now transited to the  

intensity frontier machine. 

‣ Progress is certain, but slow. 

‣ Gradually approaching to the limit 

determined by  and luminosity. 

‣ High-background channels saturate earlier. 

s

Significance ∝ ℒ

There’s a popular trend to push this further, 
e.g. by sophisticated algorithms 
represented by ML technologies.



Search frontiers from now on

10

Run1 Frontier

Run2 
Frontier

HL-LHC 
prospect

LHC Run2 Frontier 
in progress

Ultimate Boundary 
determined from  and  
(no background)

s ∫ ℒ dt

‣ However, low-background search channels 

are intrinsically more hopeful. 

 

‣ In general, LHC = “dirty collider” 

Such search channels are rather niches. 

‣ No assurance that such experimentally 

advantageous searches will meet BSM from the 

pheno-PoV, but we may have a luck!

New machine needed

Significance ∝ ℒ

IMHO: Experiments should 
cultivate such search windows.



Example (I): Explore the dessert
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Ultimate Boundary 
determined from  and  
(no background)

s ∫ ℒ dt

‣ One such example: extinction of SM backgrounds.

New machine needed
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Example (II): Dig the detail
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‣ Model-independnet searches have wide acceptance and applicability.

q g

q̄

gq
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χ
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‣ e.g. mono-jet DM search was simple and model-independent! 

‣ But they are feature-less and inevitable to suffer from the SM bkg… 

For instance, mon-jet is hard to probe the Higgsino DM scenario.
EXOT-2018-06

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06


Example (II): Dig the detail
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Disappearing track 
Soft (displaced) track

!(0.1) GeV

W/Z→leptons 
H→b,",leptons

∆m

Disappearing

!(1) GeV !(10) GeV

lifetime (c#)
!(0.1-10) cm

!(0.1) mm

Soft objects Hard 
objects

ETmiss

Soft track

Pure Mixed

Diagram by K.Terashi



Example (II): Dig the detail
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‣ Lesson: additional requirement of the detail of the event features can significantly 

extend the sensitivity by strong bkg. rejection.
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Mono-jet: the archetype Soft di-lepton Disappearing Track

Disappear!
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Disappear!

The 3rd detail channel, using a micro-displaced soft pion has been proposed. 
H. Fukuda, S. Shirai, N. Nagata, H. Otono, HO PRL 124, 101801 (2020) 
→ Studies in-progress in ATLAS.

https://arxiv.org/abs/1910.08065


Example (II): Dig the detail
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The 3rd detail channel, using a micro-displaced soft pion has been proposed. 
H. Fukuda, S. Shirai, N. Nagata, H. Otono, HO PRL 124, 101801 (2020) 
→ Studies in-progress in ATLAS.
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FIG. 1 shows the signal and background distributions
in pT and S(d0) after the rest of the selection criteria are
applied for each case. The sensitivity further improves
by, e.g., introducing a multivariate analysis, but such op-
timization is beyond the scope of this letter. Around 10–
20 tracks satisfy the Basic Selection for each background
event. In order to quantify the selection and rejection
e�ciency, we define the track’s relative pass rate for each
selection step as the rate of the tracks which have sur-
vived the previous step in the same order as listed above
passing this step. The pass rates of QCD-origin tracks
for the isolation, displacement, and Emiss

T -alignment se-
lection steps are approximately 4%, 2%, and 40%, respec-
tively. The isolation requirement e�ciently suppresses
tracks from heavy flavor hadrons. It is observed that
tracks from ⌧ decay tend to pass these selections with a
total pass rate of around 1%, which is much larger than
that for QCD tracks. The requirement pT < 5 GeV plays
a significant role in rejecting the ⌧ decay products.

For the above track selection, the signal selection e�-
ciency is larger for events with larger Emiss

T , as Higgsinos
tend to be more boosted by the ISR recoil. In the case
that �m± ' 500 MeV, the acceptance rate of the signal
track requirement is around 5%. For the HL-LHC, it re-
duces to 3% due to the failure of the isolation selection by
larger pileup. The background event yield passing all the
selections is estimated to be around 0.5% of the events
that have passed the mono-jet selection.

With this selection, the number of background events
is around 250(1000) for Run2 140 fb�1(HL-LHC 3 ab�1).
Given that the background tracks are largely originated
from relatively soft QCD processes as well as from sec-
ondary interactions, yield estimation by MC simulation
might not be su�ciently accurate, and thus a data-driven
background estimation would be more reliable. As a
mimic of data-driven background estimation, the “ABCD
method” [55] using Emiss

T and S(d0) as the two orthogo-
nal variables is attempted. For instance, the control and
signal regions can be defined with Emiss

T 7 500 GeV and
S(d0) 7 6 at Run2. It is found that the statistics of the
background events in the control regions are abundant
(> 2000 for each control region), that the orthogonal-
ity between these two variables is very good, and that
a good closure within statistical uncertainty of around
3% is obtained. The remnant backgrounds are sec-
ondary particles (decays from KS , strange baryons, etc.)
(⇠ 60%), mis-measurement of primary particles (⇠ 20%),
and pileup (⇠ 20%) for the Z(! ⌫⌫̄) event at Run2. In
the HL-LHC with hµi = 200, the pileup contributions
increase up to around 60% and become dominant back-
ground. For the W (! `⌫) background, the dominant
(⇠ 50%) contribution arises from ⌧ decay products. It
is found that this result does not strongly depend on the
choice of the Pythia8 tune. It is also confirmed that the
converted photon contribution [56–58] is negligible.

In FIG. 2, we show the expected reaches of the Hig-
gsino search at the LHC Run2 140 fb�1 (red region) and
HL-LHC 3 ab�1 (blue region). We adopt the CLs pre-

1

100 150 200 250 300

�
m

±
[G

eV
]

m�±[GeV]

1

100 150 200 250 300

�1

�1

±50%

�m0 = 0

�m0 = 2�m±

FIG. 2. The expected reaches of the Higgsino search
with our method at the LHC Run2 140 fb�1 and HL-LHC
3 ab�1 shown in the red and blue areas, respectively, for
�m0 = 0 GeV (solid) and 2�m± (dashed). The dotted lines
show the ±50% uncertainty of the background estimation for
�m0 = 0 GeV. The gray, green, and purple regions are ex-
cluded by the LEP [40], the disappearing track search [18],
and the soft dilepton search [16], respectively. The purple
and green dotted lines show the HL-LHC prospects of the
dilepton and disappearing track searches [53], respectively.
The LZ sensitivity [54] is also shown in the black solid and
dashed lines for the cases discussed in the text.

scription [59] to derive the 95%CLs limit, assuming the
systematic uncertainty of the background estimation to
be 3%, which we infer from our analysis with the ABCD
method as discussed in the previous paragraph. The
solid (dashed) lines show the case of �m0 = 0(2m±).
In the latter case, the lifetime of the charged Higgsino is
twice that in the former due to the absence of the decay
�± ! �0

2, and hence a larger mass splitting region can be
probed. For reference, in the dotted lines, we show the
variation in the limit when scaling the background yield
by ±50% for �m0 = 0. The current collider constraints
are also overlaid [16, 18, 40]. It is possible to probe the
Higgsino mass up to 180(250) GeV at Run2 (HL-LHC)
for �m± = 500 MeV .

We also show in Fig. 2 the prospects of the future DM
direct searches, for which we consider the LZ experiment
as an example [54], where we assume the GUT relation
for gaugino masses and tan� � 1. The black solid line
corresponds to the case that the whole DM consists of
Higgsinos, while the black dashed line is for a more con-
servative case that the amount of Higgsino is equal to its
thermal relic abundance (and thus the sub-component
of the DM ). As we see, the Higgsino search with our
method is complementary to the DM direct detection
experiments, and thus plays a crucial role in testing the
light Higgsino scenario.

（副次ジェット輻射）

（運動量欠損）

陽子・陽子
衝突点

Primary Vertex

https://arxiv.org/abs/1910.08065


Key points
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‣LHC: transition to the intensity frontier. 

‣Previous flagship searches do not end,  

but are inevitably slow down. 

‣More focus to the low-background frontier. 

‣Using event details is one of the quick paths 

in order to get to the low-background frontier. 

‣Gen.purpose colliders not primarily designed to tag event details.



The Lifetime Frontier: 

The Modern Bubble Chamber

18



Many known particles are long-lived
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‣ In the SM, a number of elementary particles or 
hadrons have narrow decay widths. 

‣ Is this only a peculiar coincidence of the SM,  
or it can be in BSM sectors? 

‣ Multiple mechanisms of having narrow widths: 
mass hierarchy, phase space, degeneracy,  
feeble coupling, … 

‣ These are all “building blocks” of phenomenology.

⌥ 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.

5

L. Lee, C. Ohm, A. Soffer, T. Yu, JPPNP 3695 (2019)

https://arxiv.org/abs/1810.12602


Very distinctive signatures…
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‣ Observe LLP itself‣ Observe decays of LLP ‣ Observe anomalous global 

event topology

Visible particles

Un-reconstructible  
LLP

Less jetty energy flow 
SUEP, emerging jet,  
dark shower…Visible (charged)  

LLP

IP IP
Soft Unclustered Energy Patterns 
See e.g. J. Nelson’s talk

https://indico.fnal.gov/event/44754/contributions/193096/attachments/132586/163025/SUEP_Efficiency_Plots_3.pdf


… lead to clean environments

21

‣ The orthodox search programs assume classification of  
BSM signal vs. SM backgrounds. 

‣ But for LLP searches, SM backgrounds are typically not our main 
subjects of concern anymore. 

‣ Major backgrounds arise from the instrument itself,  
where MC generators are less helpful. 

‣ Data-driven approach is required 
— might not be so “fun” situation for pheno-theorists since sensitivity 

projection is tough to draw outside of the collaboration?



LHC Lifetime Frontier
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NP Mass

NP Decay LengthTracker Resolution
(~20µm)

Collider Length 
(1~10m)

MEW

Traditional
Major Prompt
LHC Searches
(SUSY, EXOT)

Detector-Stable
Massive LLP

Searches

Massive LLP
Decay

Searches
(e.g. SUSY-LLP)

Quite
Familiar

Place

Particles
we can

use as tools

Light LLP
Decay

Searches
(Dark-γ, HNL etc.)

If invisible like LSP, 
MET+X searches 
come here (e.g. mono-jet).

Due to significant Lorentz boost, 
the lifetime range is shorter.

Searches w/
Large offset  

Complementary
Experiments

s, ℒ Ceiling
(gradually sliding up)

Typ. γβ ≲ 1
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ID Displaced
Vertex + X

Metastable
heavy charged
particleStable heavy 

charged particle

Disappearing
track

Displaced leptons

Non-prompt
photons

Lepton-jets

Emerging jets

Displaced 
vertex in MS

Dilepton displaced
vertex

Direct LLP Detection LLP Decay Detection

Stopped
particles

Monopole/HIP

Displaced jets  
(Calo-ratio)

‣ In a signature-driven manner, 
quite many of search classes 
can be enumerated. 

‣ Discovery-first  
be model-independent. not too 
late to think of physics 
afterwards… 

‣ Need to be careful. Not all 
signatures would have robust 
theoretical backbones.

So let the “LLP Zoo” be…



24

Principle

Signature



Transition of the search trend
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VanillaWho ordered that?

Clean Signature 
(Suited to Intensity Frontier)

Lots of SM background 
(Suited to Energy Frontier)

Strong 
SUSY

LLPs

EXOT

High-Lumi 
Bias EWK 

SUSY

‣ Historically, the progress of paritlce 
physics was a mixture of glorious 
success (vanilla) and surprises  
(who ordered that?) 

‣ Searches have been largely biased to 
discovery of “vanilla”. 

‣ But “who ordered that?” is also 
valuable, since it imposes big 
unanswered questions that has been 
driving motivations to continue 
exploration. 

‣ Do we want more awkward 
discoveries or not??

SM, measurements SM searches

I may wish to bet around here.
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‣ The most prompt SM particle (W/Z) is 

10 orders of magnitude smaller than 

the position resolution of the collider. 

‣ In the collider instruments, we have 

approx. 6 orders of magnitude of the 

decay length dynamic range. 

(10 µm — 10 m) 

‣ Making use of this instrumental length 

scale adds 6 on top of 10. 

Seems not so bad deal.
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Figure 17: An example detector is shown (left) containing an ID, a calorimeter system, and a MS
represented in a z vs. ⇢ space. For pair-produced particles with kinematics described in the text, the
volume acceptance for LLPs is shown as a function of lifetime (right). The fraction of events containing
one LLP decay in each system is shown as solid lines. The fraction of events with both LLP decays
contained in a single system is shown in dashed lines.

that the e�ciency, defined as the probability to trigger on the event and identify the LLP if indeed
it decayed within the relevant detector subsystem, is 100%. With these simplifications, the sensitivity
for each detector subsystem can be estimated based on the subsystem acceptance, which we define as
the probability for the LLP decay to occur within that subsystem, given the LLP lifetime and boost
distribution. This narrow definition of acceptance is useful for estimating the sensitivity in a range
of search analysis methods, particularly those aimed at hadronic LLP decays. However, relating it to
sensitivity fails for other analysis techniques, such as those aimed at reconstructing LLP decays into
muons, which penetrate the calorimeter.

With this caveat in mind, we proceed to calculate the acceptances of typical LHC detector subsys-
tems. We define in Fig. 17 an example detector with three subsystems, defined by radial and longitudinal
barrel-region extents: an ID (0 < ⇢ < 1 m, |z| < 1 m), a calorimeter system (1.5 < ⇢ < 4 m, |z| < 4 m),
and a MS (4 < ⇢ < 10 m, |z| < 10 m). These volumes are roughly representative of the detectors at
the LHC.

For this detector, we determine the acceptance for pair-produced LLPs, with kinematics taken from
a simulated sample of gluino pairs produced with MadGraph5 aMC@NLO [158] for 13 TeV proton-
proton collisions, with a gluino mass of mg̃ = 2 TeV. For a given value of the gluino lifetime, the proper
decay time for each gluino is sampled from an exponential distribution, and the decay position in the
detector is calculated given the gluino velocity. Since our purpose is only to calculate the acceptance,
it is assumed that the gluino does not undergo significant interaction with the detector material. The
fractions of events that contain at least one LLP decay in each of the ID, calorimeter, or MS are shown
as solid lines in Fig. 17. Requiring two LLPs to decay in a particular detector subsystem results in
reduced acceptance, as shown by the dashed curves in Fig. 17. These curves do not represent the
associated reduction in reconstruction e�ciency.

The actual search sensitivities depend on the trigger and reconstruction e�ciencies, as well as on
background levels, while the exercise presented here simply evaluates the spatial acceptance. However,
since many searches in the ID have very low background even when requiring just a single LLP, Fig. 17
can be interpreted to demonstrate that the ID provides the best sensitivity for a wide range of lifetimes
in these scenarios. In the case of a very large MS, such as that of the ATLAS detector, the MS
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‣ For the decay detection, due to exponential distribution of the decay position, inner detector is quite 
competitive for longer lifetime. 

‣ In addition, particle characteristic identification using outer subsystems is available. 

‣ Tracker is an indispensable system for charged LLP searches.

L. Lee, C. Ohm, A. Soffer, T. Yu, JPPNP 3695 (2019)

https://arxiv.org/abs/1810.12602
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ATLAS Tracker
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The great Run2 results of ATLAS have been 
supported by a successful opeartion of the 
innermost pixel layer IBL installed in 2014.



ATLAS Tracking
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‣ 4 barrel layers of silicon pixel detector:  
r = 3.3 cm — 12.5 cm 

‣ 4 barrel layers of silicon strip detector with a 
stereo angle: r = 30 cm — 50 cm 

‣ O(30) straw drift tube (TRT)

1. The track needs to be seeded using  
≥3 consecutive layers of silicon detector hits. 

2. In order to have a track to be genuine  
(not fake), at least 7 or 8 silicon hits are required.

TRT

Strip

Pixel

12233 299 514 563 1066

(*) Algorithm of seeding from TRT (back-tracking) exists  
     but it is less efficient. 
(**) Strip layers are double-sided (2 hits / layer)



ATLAS Tracking
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‣ These constraints impose limits on the impact 
parameters and the decay position. 

‣ The maximum decay position radius is the first 
strip layer, r = 30 cm. 

‣ ,  

‣ In reality, the seed-finding algorithm further 
narrows down the search scope. 

‣ Standard ATLAS tracking limited to . 
This limit is somewhat arbitrary but related to 
computing resource constraints for track 
reconstruction and data saving.

max(d0) = 300 mm max(z0) = 1500 mm

|d0 | < 10 mm

TRT

Strip

Pixel

12233 299 514 563 1066



The large-  trackingd0

33

 [mm]prodr
0 50 100 150 200 250 300

R
ec

on
st

ru
ct

io
n 

ef
fie

nc
y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Simulation Preliminary  ATLAS
Displaced hadrons Standard tracks

Large radius tracks
Combined ‣ Using left-over hits by the 

standard tracking algorithm. 

‣ Expands the acceptance of 
the lifetime range drastically.

ATL-PHYS-PUB-2017-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-014/
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‣Much broader track-finding phase space. 

‣ In Run2: 
- 10x more CPU intensive 
- 4x more of disk consumption 

‣ Impossible to apply to all physics data. 

‣ An additional offline event filter  
- cherry-pick events of interests for LLPs  
(typ. only 5-7% of all physics dataset). 

‣ Event filters based on:  
, multijet, leptons, etc.E miss

T

RAW Data

Standard Ana Obj.

Filtered LLP 
RAW Data

LLP-special 
Ana Obj.

Extended Tracking & Vertexing

・x10 CPU Cost / event 
・x4 Disk Cost / tracks events

ATLAS Run2 Data Flow

Process within 48h

Prompt processing

1-2 years of delay!!

Pre-defined 
Event Filters, O(5%)

Event Filter

1kHz 
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‣ ATLAS primary vertex reconstruction uses a so-called  
adaptive multi-vertex finder and fitter (AMVF). 

‣ Primarily important for pileup rejection through the jet-vertex tagger (JVT). 

‣ AMVF is only applicable around the primary vertex due to the presence of the 
beam-spot location constraints in the -plane in the seed finding step. 

‣ Explicit reconstruction of secondary vertexing is not under the central support of 
the ATLAS data model. 

‣ For example, B-tag secondary vertexing is only applied inside the jet cone. 

‣ Contrary to primary vertexing, multiple directions of optimizations can be possible 
for secondary vertices.

xy



Secondary vertexing for LLP searches
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‣ Algorithm: VrtSecInclusive 

‣ The basic algorithm is the same was what was 
used for the material study. 

‣ Seeded from all large-  tracks satisfying the 
basic selection criteria, try  numbers of 
combinations aiming at high efficiency. 

‣ Rather accepts random vertexing eventually 
cleaned up by the offline selection.

d0
C(n,2)

Secondary Vertex

Required Hits

Allowed Hits

Forbidden Hits

Track

TrackPixel Layer-2

Pixel Layer-1

Pixel B-Layer

IBL

Data Simulation

JINST 12 (2017) P12009

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-07
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Secondary vertexing for LLP searches — Performance
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‣ A feature dedicated to LLP towards the 
full-Run2 dataset: 

‣ Attach small-  tracks not selected by 
the initial selection to the found vertex 
to enrich the associated tracks and 
vertex priperties. 

‣ Another option to feed tracks of more 
specified collections: e.g. leptons.

d0

Displaced vertex selection efficiency ATL-PHYS-PUB-2019-013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-013/
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‣ Several papers using VrtSecInclusive with 
full Run2 dataset the have been released. 

‣ And more searches are ongoing!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-33
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-57


A recent result:  

search with pixel dE/dx
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ATLAS IBL FE-I4 Double-Planar Pixel Module



Pixel dE/dx

40

Pixel dE/dx (ATLAS, Full Run2)
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→ Anomalously large specific ionization loss.
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In the previous round of the search (mid-Run2), 
a mild excess of 2.4σ (local signif.) was present 
in one of the two SRs at around 600 GeV. 
Also 2 events at the high-mass end.

ATLAS-SUSY-2016-31

ATLAS-SUSY-2018-42, arXiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013
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Pixel dE/dx (ATLAS, Full Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013

Clock [25ns]

Voltage [mV]

Time over Threshold (ToT)
(Proxy of the deposit charge on the pixel.)

Pixel hits are clustered by 
concatenation.  
Cluster charge = analog sum of 
the ToT calibrated to the charge.

Array of cluster-level dE/dx is available for a track. 
→ Take a truncated mean of the cluster dE/dx 
     as the dE/dx of the track. 
     Effective to trim the Landau tail of MIP.

IBL: 4-bit 
Outer Pixel: 8-bit

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013
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‣ Tracing Bethe-Bloch curve using a special low-  run enabling 
 reconstruction (standard: ). 

‣ Time-dependent MIP-MPV reflecting radiation damage is compensated. 

‣ Pixel  is rather tough to model. 
→ Landau distribution templated from data & applied for signal models.

⟨μ⟩
pT > 100 MeV pT > 500 MeV

dE/dx

Reduction of  
charge-collection eff.

ATLAS-SUSY-2018-42, arXiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013
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Pixel dE/dx (ATLAS, Full Run2)
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‣ The simplest assumption is that LLPs are likely produced in pairs (incl. C1N1 case). 

‣ General two-body production with a mass threshold leads to similar kinematic distribution.  
(a peak structure reflecting phase-space opening, then a long tail reflecting PDF). 

‣ The acceptance is dependent on mass but not strongly dependent on the microscopic phenomenology.

ATLAS-SUSY-2018-42, arXiv:2205.06013
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Pixel dE/dx (ATLAS, Full-Run2)

ATLAS Innermost Layer is IBL. 
It uses a newer FE chip (FE-I4)  
than outer layers.

Time-over-threshold (ToT) of FE-I4 is only 4-bit. 
It saturates earlier than other layers having  
8-bit dynamic range. For IBL, an overflow flag is issued.

1 10
γβ

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

IB
L 

O
ve

rfl
ow

 F
ra

ct
io

n

1−10×3 1 2 3 4 5 6 7 8 910

γβ

3−10

2−10

1−10

 Reco.
T

, Low-p1−L = 21 pb
| < 0.4η|

ATLAS Preliminary

π
K
p
Analytic Fit

The IBL ToT overflow 
flag has a strong 
discrimination power 
for slow charged 
particles from MIP!

OFIBL = 0

1.8

OFIBL > 0

Thr
~2.4

IBL0_High

IBL1

IBL0_Low

kinematics
CR

Track Muon

5 GeV

SR-Trk SR-Mu

Is
ol

at
io

n 
Ti

gh
tn

es
s

IBL Overflow

Statistically
Sparse

Track PID

SR name Discovery Limit setting Track category IBL overflow dE/dx [MeV g�1cm2]
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inclusive yes or no
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SR-Inclusive High X > 2.4

SR-Trk-IBL0 Low X
track

no [1.8, 2.4]

SR-Trk-IBL0 High X no > 2.4

SR-Trk-IBL1 X yes > 1.8

SR-Mu-IBL0 Low X
muon tracks

no [1.8, 2.4]

SR-Mu-IBL0 High X no > 2.4

SR-Mu-IBL1 X yes > 1.8

For limit setting, divide 
SR bins like the left figure. 
Also, classified as muon tracks 
or not: total 6 SR bins. 

For discovery, allocate 2 bins: 
- dE/dx in [1.8, 2.4] 
- dE/dx > 2.4

→ For each signal CLLP mass value, allocate two sets of  
     mass windows in SR covering ~70% of the signal, 
     depending on the lifetime of CLLPs.

ATLAS-SUSY-2018-42, arXiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013
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Pixel dE/dx (ATLAS, Full-Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013
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‣ The binning strategy fits to various BSM hypotheses and lifetime assumptions.

Gluino -hadron, 2.2 TeVR GMSB Stau, 400 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013
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Pixel dE/dx (ATLAS, Full Run2)
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‣ (1) Random picking of  from the kinematic template. 
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(pT, η)
dE/dx η

m < 160 GeV

Basic assumption for data-driven estimation:  
SM particles are ~MIP.  
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ATLAS-SUSY-2018-42, arXiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013
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Pixel dE/dx (ATLAS, Full-Run2)
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Result
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Pixel dE/dx (ATLAS, Full Run2)
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1.8 < dE/dx < 2.4 dE/dx > 2.4 ‣ For most of the SR, the observed data 
agrees well with the predicted 
background. 

‣ No excess around 600 GeV. 

‣ Largest significance of  is observed 
for a pre-defined mass window  
[1.1, 2.8] TeV in high-dE/dx SR. 
Global significance: . 

‣ No instrumental pathologies were 
found in the observed tracks and 
individual pixel cluster shapes. 

‣ Crosscheck of momentum 
reconstruction between ID and MS for 
muon candidate tracks.
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Pixel dE/dx (ATLAS, Full-Run2)
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Signal Region Events
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Pixel dE/dx (ATLAS, Full-Run2)
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Pixel dE/dx (ATLAS, Full-Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013
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Timing variable crosscheck

52

‣ Two 𝛽 values were examined:  

‣ : measured by the muon spectrometer by slow-muon reconstruction 

‣ : obtained from calorimeter cell hits associated with the candidate track by 

taking the average ToF weighted by the timing resolution of the cells 

‣ The probability distributions of these two 𝛽 variables for the 𝛽 = 1 SM particles are 

modelled from the CR-kin dataset. 

‣ Both 𝛽 probability distributions exhibit non-Gaussianity with approximately 

symmetric side-lobes. 

‣ Resolution (FWHM/2.35):  

0.045 for , 0.075 (0.050) for  in CR-kin-Mu (CR-kin-Trk) samples. 

βMS

βcalo

βMS βcalo

Pixel dE/dx (ATLAS, Full-Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013
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Result — Conclusion
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Pixel dE/dx (ATLAS, Full Run2)
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1.8 < dE/dx < 2.4 dE/dx > 2.4

‣ All of excess events candidate tracks 
were observed to be well consistent 
with  within the data-driven 
timing resolution. 

‣ The excess events are concluded  
not compatible with the benchmark 
signal models considered in this 
search.

β = 1
3.6σ (Local)

ATLAS-SUSY-2018-42, arXiv:2205.06013
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Pixel dE/dx (ATLAS, Full Run2)
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Pixel dE/dx (ATLAS, Full Run2)
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Powerful and complementary access to the compressed R-hadron regime!
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Pixel dE/dx (ATLAS, Full Run2)
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Pixel dE/dx (ATLAS, Full Run2)
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Next steps
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‣ It’s ATLAS homework to followup in Run3 with further understanding of dE/dx. 
‣ Wish to see CMS update (has not been released since 3.2 fb-1) 

‣ Multi-charged particles search in ATLAS scoping  and   
has just released for LHCP2022 (CONF avaialble in few days).

z = 2 3 ≤ z ≤ 7

Pixel dE/dx (ATLAS, Full-Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013
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For your sake, we also provide various distributions of event kinematics/topology  
of the SR events apart from the SR track inforamtion.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-034/
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https://arxiv.org/abs/2205.06013


Looking ahead
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Run3 ATLAS Tracking and Reconstruction

60

‣ Big gain: large-  track reconstruction 
runs in the standard reconstruction, with 
much improved fake rejection algorithm. 

‣ However, the common standard data-
reduction scheme in Run3 skims out 
informations needed for LLP analyses. 

‣ The same new data model was applied to 
the entire Run2 dataset, enabling smooth 
combination of Run2+Run3.

d0
RAW Data

Standard Ana Obj.  
incl. large-d0 trk.

LLP-special 
Deriv.

ATLAS Run3 Data Flow

Process within 48h

Custom derivation

Event Filter

1kHz 



Secondary Vertexing for LLP

61

‣ Often in BSM models, heavy flavors are present in the decay product of the LLP. 
‣ The present ATLAS secondary vertexing algorithm is not very inclusive about for such cases 

resulting in limited efficiencies. 
‣ Development for “fuzzy vertexing” is ongoing with a PhD student (R. Ushioda) in Tokyo Tech.
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HL-LHC Upgrade (ATLAS Phase-II)
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New Muon Chambers
• Inner barrel region with new RPCs and sMDTs,  

and new Inner Endcap TGCs 
• Improved trigger efficiency/momentum resolution, 

reduced fake rate



ATLAS Tracker Upgrade (ITk)
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HL-LHC: Long-lived Gluino Search

64
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DV Ntrack ≥ 5

DV mass > 10 GeV

MET > 250 GeV

‣ Grain of salt: prospects are tough to estimate: 
Concrete reco-algorithm does not exist yet. 

‣ The maximim decay radii inflates from 300 mm to 400 mm. 

‣ May be able to exclude up to 3.4 TeV gluino -hadron.R

Reconstructible range
(≥7 silicon hits)

ATLAS Run2 ID ATLAS ITk ATL-PHYS-PUB-2018-033ATL-PHYS-PUB-2018-033

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-033


HL-LHC: Disappearing Track Search

65

‣ ATLAS inner tracking detectors have a new layout:  
different implications depending on the signature. 

‣ Disappearing track (long-lived chargino search):  
need tracking using only innermost layers 
→ decrease of acceptance is expected.

Req. at least 4 hits

ATLAS Run2 ID ATLAS ITk

Pure wino: > 800 GeV 

Pure higgsino: > 250 GeV



HL-LHC: dE/dx measurement
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‣ The ITk pixel detector of 50x50 µm2 pitch:  

only 4 bit dynamic range can be accommodated. 

‣ Also the data bandwidth limits the data bits/hit to be read-out. 

‣ An early study [1710.02582] prospects: 

A reasonable classification of large-dE/dx signals is feasible,  

with a deteriorated mass resolution. 

‣ CMS Phase-II strip tracker high-threshold hits is powerful. 

‣ We can keep some abilities to push this search.  

‣ Optimization of the operation condition must be studied.

that increase the charge range above the MIP peak are only slightly better (. 5%) than
the standard linear scheme. This is true even though the fraction of clusters with a pixel in
the ToT overflow is much less for the exponential scheme compared with the linear scheme
(bottom plot of Fig. 19). Therefore, & 4 bits is likely su�cient for classification (at least for
this benchmark model) while a precise measurement of the mass would require more bits.
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Figure 19: Top left: the reconstructed mass of a MIP proton (dashed) and a 1.5 TeV
slow moving R-hadron. In a pixel detector, the hadronic interactions of the R-hadron are
negligible and the electromagnetic interactions are determined by its electric charge, mass,
and velocity. The mass is reconstructed using a five layer detector, dropping the most ionizing
cluster. Top right: MIP proton rejection (=1-MIP proton e�ciency) as a function of the
number of ToT bits for a 90% e�ciency to select a 1.5 TeV LLP. Bottom: The fraction of
pixels in the ToT overflow for the various schemes.
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Livia Soffi - 04/04/2018

HSCP && Phase2 Tracker Upgrade

HIP flag is critical to restore tracker sensitivity to HSCPs in Phase 2 

• Impact on the HSCP analysis of the Phase-2 inner tracker dE/dx 
discriminator and outer tracker HIP flag

• Evaluate  signal vs background efficiency to identify tracks from signal 
events and reject those originating from backgrounds.

CMS-TDR-17-001 5/21

• Phase-1 sensitivity realized with x4 luminosity and surpassed w/ full expected 
integrated luminosity of the HL-LHC. 

https://arxiv.org/abs/1710.02582


Summary
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‣ Low-background searches are important. 

‣ A number of attractive BSM scenarios predict charged LLP as a new particle. 

‣ Advanced use of the collider detector technologies enables searches for these 

particles in wide range of the scenarios in the model-independent manner. 

‣ Not all of the full-Run2 analyses have been released, and Run3 is imminent to start. 

‣ Promising sensitivity extension in HL-LHC.



Backup
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Data Simulation

Tracker — Early Characterization in Run2
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‣ Personal invitations to seminars about ATLAS results can be accepted by any ATLAS 
collaborator on a private basis with the responsibility to present ATLAS in a fair and 
scientifically correct way, and to only use approved material. 

‣ Despite the generic title (sorry!), this seminar talk is not intended to represent the work of the 
entire LHC collaborations, but is rather largely weighted on the speaker’s research orientations 
as a member of the collaboration. 

‣ All contents are totally organized by HO.  
The contents are not reviewed by any of the LHC collaborations. 

‣ Please: audiences are guided to refer to the official presentations in major HEP conferences 
for state-of-the-art of the entire experiment.



Signal Selection
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Pixel dE/dx (ATLAS, Full-Run2) Category Item Description

Event topology Trigger Unprescaled lowest-threshold ⇢miss
T trigger

⇢miss
T ⇢miss

T > 170 GeV

Primary vertex The hard-scatter vertex must have at least two tracks

Events are required to have at least one track fulfilling all criteria listed below; tracks sorted in ?T descending order

Track kinematics Momentum ?T > 120 GeV

Pseudorapidity |[ | < 1.8

,± ! ✓±a veto <T (track, Æ? miss
T ) > 130 GeV

Track quality Impact parameters Track matched to the hard-scatter vertex; |30 | < 2 mm and |�I0 sin \ | < 3 mm

Rel. momentum resolution f? < max
✓
10%,�1% + 90% ⇥ |? |

TeV

◆
and f? < 200%

Cluster requirement (1) At least two clusters used for the hd⇢/dGitrunc calculation

Cluster requirement (2) Must have a cluster in the IBL (if this is expected), or

a cluster in the next-to-innermost pixel layer

(if this is expected while a cluster is not expected in IBL)

Cluster requirement (3) No shared pixel clusters and no split pixel clusters

Cluster requirement (4) Number of SCT clusters > 5

Vetoes Isolation
✓Õ

trk ?T

◆
< 5 GeV (cone size �' = 0.3)

Electron veto EM fraction < 0.95

Hadron and g-lepton veto ⇢jet/?track < 1

Muon requirement SR-Mu: MS track matched to ID track; SR-Trk: otherwise

Pixel d⇢/dG
Inclusive

Low: d⇢/dG 2 [1.8, 2.4] MeV g�1cm2

High: d⇢/dG > 2.4 MeV g�1cm2

Binned

IBL0_Low: d⇢/dG 2 [1.8, 2.4] MeV g�1cm2 and OFIBL = 0

IBL0_High: d⇢/dG > 2.4 MeV g�1cm2 and OFIBL = 0

IBL1: d⇢/dG > 1.8 MeV g�1cm2 and OFIBL = 1



Signal Selection: CR, VR, SR
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Pixel dE/dx (ATLAS, Full-Run2)

Region ?T [GeV] |[ | ⇢miss
T [GeV] d⇢/dG [MeV g�1cm2]

SR

> 120 < 1.8
> 170 > 1.8

CR-kin > 170 < 1.8
CR-dEdx < 170 > 0
VR-LowPt

[50, 110] < 1.8
> 170 > 1.8

CR-LowPt-kin > 170 < 1.8
CR-LowPt-dEdx < 170 > 0
VR-HiEta

> 50 [1.8, 2.5]
> 170 > 1.6

CR-HiEta-kin > 170 < 1.6
CR-HiEta-dEdx < 170 > 0
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Pixel dE/dx (ATLAS, Full-Run2)
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Signal Region Events
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Pixel dE/dx (ATLAS, Full-Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013


Signal Region Events
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Pixel dE/dx (ATLAS, Full-Run2)
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Excess events examinations
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‣ 7 events in the mass window with the lowest -value were examined. 
- 4 events in the SR-Mu category w/o IBL overflow 
- 2 events are in the SR-Trk category w/ IBL overflow 
- 1 event is in the SR-Trk category w/o IBL overflow.  

‣ 1 event in the SR-Trk category has a matched muon which does not satisfy the 
identification criterion applied in this analysis. 

‣ Candidate tracks are well isolated both at the track level and at the calorimeter cluster 
level, as required by the signal selection. 

‣ The two reconstructed momentum values from ID-only and IS+MS (combined track) 
are compatible with each other for all 4+1 events reconstructed as a muon.  

‣ The visual inspection of the individual pixel clusters did not show an obvious trace of 
merging of multple charged particles injection.

p0

Pixel dE/dx (ATLAS, Full-Run2) ATLAS-SUSY-2018-42, arXiv:2205.06013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-42/
https://arxiv.org/abs/2205.06013


Multi-charged dE/dx (in multiple subsystems)
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Multi-charged Particles (ATLAS, Full Run-2)

‣ A generic multi-charged particles (MCP) produced 
in pairs via Drell-Yan or photon-fusion processes. 

‣ Scope:  and . 

‣ Single muon trigger supplemented by the  
trigger and the “late muon” trigger. 

‣ Require at least one track with  in 
 identified as an isolated muon. 

‣ Require anomalously large  significance 
 in multiple subsystems: 

‣ : , then
 &  

‣ : TRT high-threshold hits fraction ( ) > 0.7 & 

z = 2 3 ≤ z ≤ 7
E miss

T

pT/z > 50 GeV
|η | < 2.0

dE/dx
𝒮(dE/dx)

z = 2 𝒮(dE/dx, pixel) > 13.0
𝒮(dE/dx, TRT) > 2.0 𝒮(dE/dx, MDT) > 4.0
z > 2 fHT
𝒮(dE/dx, MDT) > 7.0

ATLAS-CONF-2022-034

10− 5− 0 5 10 15 20 25 30
S(MDT dE/dx)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

1/
N

 d
N

/d
S(

M
D

T 
dE

/d
x)

 simulation-µ+µ →Z 
 data-µ+µ →Z 

Signal (m=1400 GeV, z=2)
Signal (m=1400 GeV, z=4)
Signal (m=1400 GeV, z=7)

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

(*) Pixel dE/dx unused due to saturation and inefficiency.

q

q

0*+Zγ

MCP

MCP

γ

γ

MCP

MCP

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-034/
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Multi-charged dE/dx (in multiple subsystems)
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Multi-charged Particles (ATLAS, Full Run-2)

‣ Background estimation: the ABCD method assuming 
two final discriminants are orthogonal each other. 

‣ :  &  

‣ :  & 

z = 2 𝒮(dE/dx, TRT) 𝒮(dE/dx, MDT)
z > 2 fHT 𝒮(dE/dx, MDT)

ATLAS DRAFT

Table 1: Fractions of simulated signal events with at least one MCP candidate, which satisfy the given requirements
(including all previous selection requirements). The uncertainties quoted are statistical only.

Signal benchmark point Trigger Candidate-track Tight Final
z Mass [GeV] selection [%] preselection [%] selection [%] selection [%]

500 61.7 ± 0.2 42.7 ± 0.2 42.5 ± 0.2 40.1 ± 0.2
2 1100 49.9 ± 0.2 30.8 ± 0.2 30.6 ± 0.2 29.1 ± 0.2

2000 32.8 ± 0.2 13.7 ± 0.2 13.6 ± 0.2 13.0 ± 0.2
500 55.3 ± 0.2 39.9 ± 0.2 - 39.7 ± 0.2

4 1100 50.5 ± 0.2 33.3 ± 0.2 - 33.1 ± 0.2
2000 35.0 ± 0.2 17.5 ± 0.2 - 17.2 ± 0.2
500 33.3 ± 0.2 6.2 ± 0.1 - 6.0 ± 0.1

7 1100 36.1 ± 0.2 8.1 ± 0.1 - 7.6 ± 0.1
2000 27.7 ± 0.2 4.7 ± 0.1 - 4.1 ± 0.1

detector elements) and �-ray yields. Radiation background and sporadic-noise events may also contribute234

to a large deviation of dE/dx measurements.235

The expected background rate is estimated using an ABCD method [37]. According to this method, the236

plane of two uncorrelated variables is divided into regions A, B, C, and D using the final selection cuts as237

shown in Figure 4. Region D is defined as the signal region, with regions A, B, and C as control regions.238

If two or more particles contribute to the same event on the ABCD plane, only one is retained and shown239

on the plane according to a “D-C-B-A-pT” ranking to avoid double-counting events. This ranking consists240

in choosing the first particle found when considering region D then C, B, and finally A (ranked from the241

most populated quadrant to the least populated one in signal simulation). If there are two or more particles242

in the event and in the same region, the highest-pT one is chosen.243

The expected number of background events in the D region, N
D expected
data , is estimated from the numbers of244

observed data events in regions A, B, and C (NA, B, C observed
data ):245

N
D expected
data =

N
B observed
data ⇥ N

C observed
data

N
A observed
data

.

The expected background contributions to the D regions and quantities used for their calculation are shown246

in Table 2. Systematic uncertainties in these values are estimated according to the method discussed in247

Section 7.248

Table 2: Expected background contributions (in events) to the D regions in data for the z = 2 and z > 2 selections, as
well as quantities used for their calculation. The observed contributions are shown in the rightmost column.

Selection N
A observed
data N

B observed
data N

C observed
data N

D expected
data N

D observed
data

z = 2 24 294 4039 9 1.5 ± 0.5 (stat.) ± 0.5 (syst.) 4
z > 2 192 036 934 15 004 441 0.034 ± 0.002 (stat.) ± 0.004 (syst.) 0

29th April 2022 – 12:06 10

• Observed events in SR  well 
consistent with the estimation. 

• Put stringent limits to MCPs

ATLAS-CONF-2022-034

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-034/


Displaced Leptons
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‣ Model 
- GMSB-inspired slepton pair-production. 
- Slepton decays to a lepton and a massless LSP (gravitino). 
- Signature: 2x leptons (  or ) with significant displacement from IP.e μ

ℓ

+

ℓ

ℓ̃ℓ̃

Displaced Leptons (CMS, 2017-2018)

`̃ (LLP)

`̃ (LLP)
p

p

G̃

`

G̃

`

CMS-EXO-18-003, Eur. Phys. J. C 82 (2022) 153

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
http://dx.doi.org/10.1140/epjc/s10052-022-10027-3


Signal Selection and Background Estimation
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Displaced Leptons (CMS, 2017-2018)

Signal selection 
‣ Muon and photon(*) triggers. No IP requiement. 
‣ 2x isolated high-pT good-quality leptons 
‣ Minimum pT depending on each flavor’s turn-on 

‣  

‣ Impact parameter: 

|η | < 1.5
100 μm < |d0 | < 10 cm

Background estimation 
‣ Source: poorly measured prompt leptons 

Semi-leptonic decays of tau, heavy-flavor decays 
‣ A binned ABCD method assuming impact 

parameters of 2 candidate leptons are uncorrelated.

N(i)
SR = N(i)

B × N(i)
C / N(i)

A (i = I, II, III, IV)

(*) Proxy of electron triggers to be more inclusive.

Signal region 

‣ ,  and  (no charge requirement) 

‣ SR sub-divided into 4 bins by 

ee μμ eμ
|d0 |

CMS-EXO-18-003, Eur. Phys. J. C 82 (2022) 153

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
http://dx.doi.org/10.1140/epjc/s10052-022-10027-3


Results & Limits
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‣ Observed SR event yields agree well with the prediction in all bins. 
‣ Very stringent limits to all slepton flavors in quite a wide lifetime scales 

down to ~ 100 µm of the decay length! (extending the ATLAS earlier result)

Displaced Leptons (CMS, 2017-2018) CMS-EXO-18-003, Eur. Phys. J. C 82 (2022) 153
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ATLAS-SUSY-2018-14, PRL 127 (2021) 051802

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
http://dx.doi.org/10.1140/epjc/s10052-022-10027-3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14
https://arxiv.org/abs/2011.07812


Limits for RPV (LQD) t̃ → qℓ
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Displaced Leptons (CMS, 2017-2018) CMS-EXO-18-003, Eur. Phys. J. C 82 (2022) 153

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
http://dx.doi.org/10.1140/epjc/s10052-022-10027-3


Limits for H → SS, S → ℓ+ℓ−

83

Displaced Leptons (CMS, 2017-2018) CMS-EXO-18-003, Eur. Phys. J. C 82 (2022) 153

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-18-003/
http://dx.doi.org/10.1140/epjc/s10052-022-10027-3


Disappearing Track

84

�̃±
1 (LLP)p

p

�̃0
1

�̃0
1

⇡±

j

Signature 
‣ Even with the ISR recoil boost, the CLLP can pass only first 

several layers of the inner tracking system before decay. 
‣ Decay objects (pion) are too soft to be identified. 

‣ Main signature:  + jet(s) + well-isolated tracklet. 
‣ Production: direct (EWK) or production via gluino (Strong).

E miss
T

Scenario: Decay phase-space highly suppressed by degeneracy 

‣ AMSB pure-wino case: ,   

‣ Pure-higgsino case: ,  
‣ DM abundance argument accepts up to 3 TeV (1 TeV) for wino (higgsino).

Δm( χ̃±, χ̃0) ≃ 160 MeV cτ( χ̃±) ∼ 60 mm
Δm( χ̃±, χ̃0) ≃ 340 MeV cτ( χ̃±) ∼ 6-15 mm + χ̃±

χ̃0
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Disappearing Track (ATLAS, Full Run2) ATLAS-SUSY-2018-19, arXiv:2201.02472

EWK prod. Strong prod.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/
https://arxiv.org/abs/2201.02472


Signal Selection and Background
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Disappearing Track (ATLAS, Full Run2) ATLAS-SUSY-2018-19, arXiv:2201.02472
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SR for EWK SR for Strong

‣  

‣ ≥ 1 jet w/  

‣

E miss
T > 200 GeV

pT > 20 GeV
Δϕ(E miss

T , jet) > 1.0

‣  

‣ ≥ 3 jet w/  

‣

E miss
T > 250 GeV

pT > 20 GeV
Δϕ(E miss

T , jet) > 0.4

Signal Selection 
‣ Tracklets reconstructed using left-over hits after the 

standard tracking within the Pixel detector ( ). 
‣ Requires hits in 4 (barrel) layers and isolation. 
‣ Veto hits in outer strip layers. 
‣ Vecto activities in the extrapolated calorimeter cell (new). 
→ Effective to reduce hadrons and electrons background.
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0 5 10 15 20 25 30 35 40 45 50
 [GeV]topo cluster

TE

4−10

3−10

2−10

1−10

1

10

Fr
ac

tio
n 

of
 tr

ac
kl

et
s 

/ 2
.5

 G
eV Electron/Hadron

Fake tracklet

Muon

 ) = 600 GeV, 0.2 ns±

1
χ∼( τ ), ±

1
χ∼m( 

ATLAS
 -1 = 13 TeV, 136 fbs

3 Major Backgrounds 
‣ Charged hadrons 
‣ Electrons 
‣ Fake Tracklets

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/
https://arxiv.org/abs/2201.02472
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Background Estimation 
‣ Full data-driven approach 

‣ The template  spectrum is 
extracted from control regions for 
each source of the bkg. 
component. 

‣ Simultaneous fit of the spectrum 
in SR and sideband VRs. 

‣ High-  SR dominated by fake 
tracklet backgrounds. 

‣ The observed data perfectly 
agree with the estimation 
for both signal regions.
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Excluded <660 GeV Wino Excluded <210 GeV Higgsino Excluded <2.1 TeV gluino 
for 300 GeV chargino

‣ Stringent limits to well-inspired DM scenarios by a dedicated search!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/
https://arxiv.org/abs/2201.02472
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