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Why long-lived particles?

• Particle lifetime remains an underexplored parameter of phase space


• Long-lived particles (LLPs) can elude the majority of BSM searches and provide striking detector signatures

Elephant in the Zoom: where is the new physics?

Absence of new physics at TeV scale motivates increasing focus on 
searches for weakly-coupled new particles and exotic signatures

1 Recently, a comprehensive collec-
tion of the vast array of theoretical
frameworks within which LLPs nat-
urally arise has been assembled as
part of the physics case document
for the proposed MATHUSLA exper-
iment [2]. Because the focus of the
current document is on the experimen-
tal signatures of LLPs and explicitly
not the theories that predict them,
the combination of the MATHUSLA
physics case document (and the large
number of references therein) and the
present document can be considered,
together, a comprehensive view of the
present status of theoretical motivation
and experimental possibilities for the
potential discovery of LLPs produced
at the interaction points of the Large
Hadron Collider.

1
Introduction

Document editors: James Beacham, Brian Shuve

Particles in the Standard Model (SM) have lifetimes spanning an
enormous range of magnitudes, from the Z boson (t ⇠ 2 ⇥ 10�25 s)
through to the proton (t & 1034 years) and electron (stable).
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Figure 1.1: Particle lifetime ct, expressed in meters, as a function
of particle mass, expressed in GeV, for a variety of particles in the
Standard Model [1].

Similarly, models beyond the SM (BSM) typically predict new
particles with a variety of lifetimes. In particular, new weak-scale
particles can easily have long lifetimes for several reasons, includ-
ing approximate symmetries that stabilize the long-lived particle
(LLP), small couplings between the LLP and lighter states, and sup-
pressed phase space available for decays. For particles moving close
to the speed of light, this can lead to macroscopic, detectable dis-
placements between the production and decay points of an unstable
particle for ct & 10 µm. 1

The experimental signatures of LLPs at the LHC are varied and,
by nature, are often very different from signals of SM processes. For
example, LLP signatures can include tracks with unusual ionization
and propagation properties; small, localized deposits of energy in-
side of the calorimeters without associated tracks; stopped particles
that decay out of time with collisions; displaced vertices in the inner

arXiv:1903.04497
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Fig. 2. Rotation curve of NGC 6503. The dotted, dashed and dash–dotted lines are the contributions of gas, disk and dark matter,
respectively. From Ref. [50].

In Newtonian dynamics the circular velocity is expected to be

v(r) =
√

GM(r)

r
, (37)

where, as usual, M(r) ≡ 4!
∫

"(r)r2 dr , and "(r) is the mass density profile, and should be falling
∝ 1/

√
r beyond the optical disc. The fact that v(r) is approximately constant implies the existence of an

halo withM(r) ∝ r and " ∝ 1/r2.
Among the most interesting objects, from the point of view of the observation of rotation curves, are the

so-called low surface brightness (LSB) galaxies, which are probably everywhere dark matter dominated,
with the observed stellar populations making only a small contribution to rotation curves. Such a property
is extremely important because it allows one to avoid the difficulties associated with the deprojection and
disentanglement of the dark and visible contributions to the rotation curves.
Although there is a consensus about the shape of dark matter halos at large distances, it is unclear

whether galaxies present cuspy or shallow profiles in their innermost regions, which is an issue of crucial
importance for the effects we will be discussing in the following chapters.
Using high-resolution data of 13LSBgalaxies, deBlok et al. [179] recently showed, that the distribution

of inner slopes, i.e. the power-law indices of the density profile in the innermost part of the galaxies,
suggests the presence of shallow, or even flat, cores (see Fig. 3). Furthermore, the highest values of the
power-law index are obtained in correspondence to galaxies with the poorest resolution, as can be seen
from the right panel of the same figure.
Following Salucci and Borriello [439], rotation curves of both low and high surface luminosity galaxies

appear to suggest a universal density profile, which can be expressed as the sum of an exponential
thin stellar disk, and a spherical dark matter halo with a flat core of radius r0 and density "0 = 4.5 ×
10−2(r0/kpc)−2/3M&pc−3 (here,M& denotes a solar mass, 2×1030 kg). In a similar way the analysis of
Reed et al. [425] leads to the conclusion that simulated halos have significantly steeper density profiles
than are inferred from observations.
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plenty of LLPs in the SM!

https://arxiv.org/abs/1903.04497
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Common themes:

Searching for LLPs

ATLAS has a growing program of LLP searches:


• Displaced leptons


• Disappearing tracks


• Stopped particles


• Exotic Higgs decays


• Many more! (SUSY, Exotics)

• trigger challenges → dedicated triggers or associated production

• small, unconventional backgrounds → data driven background estimates

• specialized reconstruction methods → dedicated “large radius tracking” (LRT); secondary vertex reconstruction 

Jackson Burzynski | UMass Amherst

today’s talk

ATL-PHYS-PUB-2017-014

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://cds.cern.ch/record/2275635/files/ATL-PHYS-PUB-2017-014.pdf


Displaced Leptons
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arXiv:2011.07812

General search for pairs of large-|d0| leptons

Benchmark model: Gauge-mediated SUSY breaking (GMSB)

• Aims to address a gap in coverage left by searches that require displaced leptons to originate from common vertex

• Lightest SUSY particle (LSP) is the nearly massless gravitino


• Next-to-lightest SUSY particle (NLSP) is the slepton (smuon, 

selectron, stau)


• slepton long-lived due to small gravitational coupling to LSP

Jackson Burzynski | UMass Amherst

Unprobed at LHC!

• LEP limits (previous best) constrain masses below ~ 65-90 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/
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Analysis Strategy

0 50 100 150 200 250

 [mm]
0

dElectron 

0

0.2

0.4

0.6

0.8

1

 E
ff

ic
ie

n
cy

ATLAS      Simulation 
µ
∼/e~) = 1 ns,  l

~
(τ) = 500 GeV, l

~
m(

 = 13 TeVs

0 50 100 150 200 250

 [mm]0dMuon 

0

0.2

0.4

0.6

0.8

1 standard tracking, standard ID alg.

standard tracking, modified ID alg.

extended tracking, standard ID alg.

extended tracking, modified ID alg.

• Large radius tracking recovers efficiency up to 100mm 


• Standard lepton identification algorithms modified by removing 

requirements on |d0| and number of hits matched to track

Displaced lepton reconstruction Use triggers without track requirements

Signal regions: ee | eμ | μμ 

All leptons required to satisfy:


• pT > 65 GeV


• ΔR between leptons > 0.2


• |d0| > 3 mm


• isolated from activity in ID and calorimeter


Additional requirements placed on muons to reject 

cosmics 

Jackson Burzynski | UMass Amherst

• Muon trigger with no ID track requirement 


• Single/di-photon triggers
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Background estimate

VR-ee-fake VR-ee-heavy-flavor VR-eµ-fake VR-eµ-heavy-flavor

Estimate 1356 ± 49 23.5 ± 1.9 1.9+1.8
�1.0 0.38

+0.37

�0.32

Observed 1440 26 2 1

• Data driven ABCD method used to predict background: NA = NC*(NB/ND)


• Validated by inverting isolation and track quality requirements  

SR-ee/SR-eμ: dominant backgrounds are fake leptons and heavy flavor decays
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Jackson Burzynski | UMass Amherst

• ABCD-like method with ratio of good to bad cosmic-tagged muons used as 
transfer factor


• Validated by modifying the cosmic tag window to leave more muons untagged



Results
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Observed limits

L,Rco-NLSP

L,Re~

L,R
µ∼

1,2τ∼

ATLAS
-1=13 TeV, 139 fbs

All limits at 95% CL

]τ, µ [e, ∈, l G~ l G~ l → l~ l~

Region SR-ee SR-µµ SR-eµ

Fake + heavy-flavor 0.46 ± 0.10 < 10
�4

0.007
+0.019

�0.007

Cosmic-ray muons – 0.11
+0.20

�0.11
–

Expected background 0.46 ± 0.10 0.11
+0.20

�0.11
0.007

+0.019

�0.007

Observed events 0 0 0

Zero events observed in all signal regions

Limits set on slepton masses and lifetimes

• For lifetimes of 0.1 ns, selectron, smuon and stau masses up to 720 GeV, 

680 GeV, and 340 GeV are excluded


• First results from LHC provide significant improvement over LEP

This model-independent result is applicable to any BSM model with high-pT displaced leptons!

Jackson Burzynski | UMass Amherst



Disappearing tracks
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ATLAS-CONF-2021-015
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jSeveral SUSY models predict pure wino or pure higgsino LSPs


• Well motivated by dark matter and naturalness arguments


Small mass splitting between  and  makes  long-lived


• natural lifetimes ranging from 0.02 ns (higgsino) to 0.2 ns (wino)
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Pixel SCT TRT
Magnet

Calorimeter Muon
Spectrometer

χ̃±
1

π±

χ̃0
1

Fake

Electron
or hadron

Muon

Signal tracklet
Background tracklet
Not reconstructed

Chargino decays to soft pion (not reconstructed) and LSP (MET)

• Gives rise to unique signature of a disappearing track

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015/
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Analysis Strategy
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Two channels targeting electroweak and strong production modes

Trigger on MET from LSP; veto leptons
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MET > 200 GeV


≥ 1 jet

MET > 250 GeV


≥ 3 jets electroweak strong
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 PreliminaryATLAS
 -1 = 13 TeV, 136 fbs

Dedicated tracklet reconstruction run on unassociated hits from standard tracking

Tracklets required to satisfy:


• 4 pixel hits; 0 SCT hits (disappearing criteria)


• PV consistency 


• isolated from other tracks in the event


• isolated from calorimeter deposits (**new**)

Results extracted from simultaneous fit of tracklet pT spectrum in signal and control regions
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Background estimate
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Two sources of background: combinatorial fakes and charged particle scattering 
relative contributions constrained via 
likelihood fit in low MET CR  
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pT template measured in fake enriched CR 


• defined by inverting cut on tracklet |d0| 


• fit tracklet pT distribution to determine shape

Estimate validated in sidebands of 
calorimeter isolation and low tracklet 
pT region

pT templates measured in single charged particle CRs


• measure probability that lepton is mis-identified as a 

pixel tracklet using  tag-and-probe


• apply to track distribution in single electron/muon/

hadron CR


• smear track pT to match pixel tracklet momentum 

resolution

Z → ℓℓ

electron muon hadron

good e good μ good track

no-e MET no-μ MET standard MET

Signal region requires 1 tracklet with 
pT > 60 GeV
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No excess observed above SM backgrounds

most stringent limits to date for natural lifetimes

electroweak: 


• chargino masses up to 660 (210) GeV excluded for pure 
wino (higgsino) models


strong: 


• gluino masses below 2.1 TeV are excluded for a 
chargino mass of 300 GeV
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STOPPED LONG-LIVED PARTICLES
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as benchmark with mini-split 
SUSY-inspired decays   
‣ very high squarks masses  

induce a large gluino lifetime 
‣ target lifetimes from μs to years

Stopped particles
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arXiv:2104.03050
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m(g̃) = 1400 GeV
Δm = 500 GeV

Simulated signal event

Search for particles which come to rest within the ATLAS calorimeters and decay in empty bunch crossings


• First ATLAS search for stopped particles at 13 TeV!

Benchmark model: SUSY R-hadrons


• If squarks are sufficiently heavy, gluino can be long-lived


• composite states (R-hadrons) may be slow-moving and come to rest 


• stopped gluino could decay significantly later than the bunch 

crossing in which it was produced

sensitivity to gluino lifetimes across several orders of magnitude


• 10−7 to 107 s 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-15/
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Analysis Strategy

Jackson Burzynski | UMass Amherst

Trigger on jets in empty bunch crossings


• MET > 50 GeV, jet pT > 55 GeV


Two signal regions:


• leading jet pT > 150 GeV


• PV veto, muon veto


• jet |η| < 0.8 (SRC), jet |η| < 2.4 (SRInc) 

Dominant backgrounds: beam induced (BIB) and cosmics


• proportional to live time only

Signal proportional to luminosity and total amount of 
trigger-able time during run (live time)

reject events with α < 0.2

• The inclusive SR (SRIncl) accepts all events in which the leading jet resides within |[ | < 2.4,
corresponding to the acceptance dictated by the trigger. These SRs are included to preserve
acceptance for potential signal scenarios with more forward topologies [41–43].

Events containing a reconstructed muon are rejected from the signal regions to remove events seeded by
cosmic-ray-induced jets. Further cosmics rejection is provided by vetoing events in which the leading jet
overlaps with a trajectory between two reconstructed muon segments – an indication that the jet is likely
induced by a cosmic ray. This is achieved via the use of the U variable, which represents the minimum [–q
distance between the leading jet and a putative cosmic-ray muon (inferred from a combination of upper-
and lower-hemisphere muon segments) as it passes through the calorimeter. For cosmic-ray-induced jets, U
takes on small values, and events are required to have U > 0.2 to enter the SRs. In cases where U cannot be
defined, events are accepted into the SRs. The construction of U is described in detail in Section 6.1.

To reject BIB the narrow BIB-jet width in the q-plane, resulting from the relatively narrow showers
expected from BIB traversing the detector parallel to the beam, is exploited via the use of the Fq variable.
This is defined as

Fq =
Õ

8
?T(8) · |�q(jet, 8) |Õ

8
?T(8)

,

where, in the sums, 8 runs over the constituents of the jet and �q(jet, 8) is the distance in the q dimension
between a constituent energy cluster associated with the leading jet in the event and the reconstructed
centroid of that jet. While signal events tend to have an isotropic topology, the parallel-to-the-beam jets
from BIB tend to have small Fq values, and events entering the SRs are required to have Fq > 0.02. The
characteristics and estimation of BIB are described in detail Section 6.2.

The SRs are binned by leading jet ?T, with bin boundaries defining the ranges 150 < ?T < 300 GeV,
300 < ?T < 500 GeV and ?T > 500 GeV. Each jet ?T bin o�ers sensitivity to signal scenarios with
di�erent �<. The lowest ?T bin o�ers sensitivity to scenarios with �< = 100 GeV, while the higher jet-?T

bins o�er coverage for scenarios with larger mass splittings. An overview of the signal regions, separated
by jet ?T bin boundaries, is given in Table 2. In order to provide production cross-section upper limits for
the signal models described in Section 4, all bins in leading jet ?T are included in a profile-likelihood [44]
fit. To form six discovery regions (DRs), each SR ?T-bin is made inclusive of larger leading jet ?T Ṫhese
DRs are used individually to probe the existence of BSM physics or to assess model-independent upper
limits on the number of possible signal events. Because the sensitivity of the 2018 dataset to generic signal
models is expected to dominate, the discovery regions comprise 2018 data only. The six DRs are also
summarised in Table 2.

11

reject events with wφ < 0.02
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Background estimate
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Jet pT templates extracted for cosmics and BIB in dedicated control regions

BIB

cosmics

CR: BIB sample with wφ > 0.01


• measure jet pT spectrum template in CR


• normalize template in low jet pT region: 90 < pT < 150 GeV

CR: search sample + BIB sample with α < 0.2


• measure jet pT spectrum template in CR


• normalize with transfer factor computed from 

cosmic run with no proton fill
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• span 15 orders of magnitude!

significant improvement over Run 1 results
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Many BSM models predict exotic Higgs decays


• Top down: Neutral naturalness


• Bottom up: Dark sectors, SM+scalar

Difficult to trigger, so focus on associated production 


• ZH mode provides a very clean signature

Signature of interest: 


two leptons, and two displaced vertices (DVs) 
in the inner detector 

Benchmark model: pseudoscalar boson (a)


• 15 < ma < 55 GeV


• 10mm < cτa < 1m 


Yukawa-like branching ratios: 


⇒ assume Br(a → bb) = 100%

Decays back to SM via off-shell Higgs or 
small Higgs mixing

• long lifetimes 


• higgs-like BRs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-005/
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Analysis Strategy

Displaced vertices are required to satisfy:

Events classified based on the number of displaced vertices matched to jets:

• ntrk ≥ 3 → removes metastable SM resonances

• m/ΔRmax > 3 GeV → removes vertices from random crossings

•ΔR(vtx,jet) < 0.6 → facilitates background modeling

Signal region Control region 

nDV ≥ 2nDV < 2

Trigger on prompt leptons from Z decay

ΔRmax

• Two same flavor opposite sign leptons

• 66 < mll < 116 GeV

• At least two jets with pT > 20 GeV

Jackson Burzynski | UMass Amherst
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Background estimate
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+jets VRγ
 2≥ DVn

Measure per-jet vertex probability in CR

Compute probability that an event contains ≥ 2 DVs

from the jets in the event

Validate in γ+jets validation region

Probability for a jet to contain a DV increases with 
pT and b-tag score (DL1)

parameterize background using per-jet 
probability map based on these observables
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Zero events observed in signal region


• Good agreement with background prediction

Limits set on BR(H → aa → bbbb)


• 10% branching ratios excluded between ~5 and ~100 mm 

For ma < 40 GeV, these are the most stringent limits to date in this lifetime regime
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Long-lived particle signatures are highly-motivated yet underexplored at the LHC

• Displaced leptons →  first search at LHC, significant improvements over LEP limits

• Disappearing tracks →  most stringent limits for higgsinos and winos with their natural lifetimes

• Stopped particles →  first ATLAS search using 13 TeV data

• Exotic Higgs decays to LLPs in ID →  first dedicated search at LHC, most stringent limits to date for low mass LLPs 

ATLAS has a robust and growing program of LLP searches

With new techniques and more data, we are delving deeper into the lifetime frontier 🤠


More Run 2 LLP results from ATLAS coming soon, and exciting prospects on the horizon for Run 3!


• LRT included in standard reconstruction! (ATL-PHYS-PUB-2021-012)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-012/
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Cosmic veto

t0avg: average time measured by the muon’s MS track segments


• |t0avg| < 30 ns

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/
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Systematics

Background Uncertainty Value [%]

ee: fakes and heavy-flavor

statistical 18
isolation non-closure 11

fakes non-closure 6
total 22

eµ: fakes and heavy-flavor

statistical +257 / �129
isolation non-closure 92

fakes non-closure 8
total +273 / �159

µµ: cosmic muons

statistical +180 / �95
Rgood |d0 | dependence 38

estimate variable 16.5
Rgood definition muon 13

total +185 / �104

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/
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Systematics

Electroweak channel [%] Strong channel [%]
m

�̃
±
1

= 600 GeV mg̃ = 1400 GeV

m
�̃
±
1

= 1100 GeV

Cross-section 7.6 14

Initial/final state radiation 8.4 5.1
Jet energy scale 2.3 1.5
Jet energy resolution 0.6 0.3
Jet vertex tagging e�ciency <0.1 <0.1
Pile-up modelling 0.7 <0.1

E
miss
T soft term 0.4 <0.1

Trigger e�ciency 0.3 0.4
Tracklet reconstruction e�ciency 5.9
Luminosity 1.7

Total 11 8.1

Electroweak channel [%] Strong channel [%]

rABCD 5.2 0.9
rCD 3.2 0.6
� in signal pT smearing function 2.9 0.1
↵ in signal pT smearing function 1.7 0.2
p0 parameter in the fake background pT function 0.3 <0.1
p1 parameter in the fake background pT function 0.3 0.2
Normalization of muon background 0.6 <0.1
Normalization of electron background <0.1 <0.1
↵ in muon pT smearing function <0.1 <0.1
� in muon pT smearing function <0.1 <0.1
↵ in electron pT smearing function <0.1 <0.1
� in electron pT smearing function <0.1 <0.1
↵ in hadron pT smearing function 0.5 0.2
� in hadron pT smearing function 0.6 0.2

Background Signal

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015/


6−10
5−10
4−10
3−10
2−10
1−10
1

10
210
310
410
510

Tr
ac

kl
et

s 
/ 1

 G
eV

Fake tracklet
Muon
Electron
Hadron

) = ±

1
χ∼(τ), ±

1
χ∼m(

600 GeV, 0.2 ns

Total BackgroundVR

Data
-1 = 13 TeV, 136 fbs

Electroweak production
 VRmiss

TEMiddle 

100 1000 10000
 [GeV]

T
pTracklet 

0
0.5

1
1.5

2

D
at

a 
/ B

G

ATLAS Preliminary

Disappearing tracks

25

ATLAS-CONF-2021-015

Jackson Burzynski | UMass Amherst

Validation
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Limits
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Systematics
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Yields
Central signal regions SRC (2017 data) SRC (2018 data)

Observed events 92 100

Total expected background events 88 ± 28 119 ± 32

Beam-induced background events 37 ± 23 72 ± 29

Cosmic-ray-induced background events 51 ± 21 47 ± 19

m(g̃, �̃0

1
) = (1400, 100) GeV 5 6

m(g̃, �̃0

1
) = (1400, 900) GeV 5 6

Inclusive signal regions SRIncl (2017 data) SRIncl (2018 data)

Observed events 239 221

Total expected background events 167 ± 48 208 ± 50

Beam-induced background events 93 ± 42 139 ± 45

Cosmic-ray-induced background events 74 ± 30 69 ± 28

m(g̃, �̃0

1
) = (1400, 100) GeV 7 9

m(g̃, �̃0

1
) = (1400, 900) GeV 7 8

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-15/
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Vertex selection

Selection type Requirement
Track pruning |dDV

0 | < 0.8 mm
|zDV

0 | < 1.2 mm
�(dDV

0 ) < 0.1 mm
�(zDV

0 ) < 0.2 mm
Vertex preselection �2/nDoF < 5

r < 300 mm
|z | < 300 mm
pass material veto

Vertex selection ntrk > 2
m/�Rmax > 3 GeV
r/�(r) > 100
max(|d0 |) > 3 mm
�Rjet < 0.6

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-005/
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Diagram inspired by Kate Pachal’s LHC seminar

Exotic Higgs decays
ATLAS-CONF-2021-005

Filter

https://indico.cern.ch/event/976691/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-005/
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Systematics

Source Uncertainty (%)
Theory 4.7
Luminosity 1.7
Pileup reweighting 2.6
Electron identification 1.6
Electron calibration 0.4
Muon reconstruction 0.9
Muon calibration 0.4
Electron trigger 0.7
Muon trigger 1.3
Jet energy scale 1.4
Jet energy resolution 1.3
Filter 2.8-3.8
LRT 2.4-12
Total 7.4-14

Dominant uncertainty from LRT


• Measure by comparing yields of K-short vertices in 
data and MC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-005/

