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A popular SM extension: Supersymmetry

SUSY could

I Explain Dark Matter

I Alleviate the hierarchy problem

I Allow for gauge coupling unification

How?

I Generalization of SM: symmetry
between force and matter particles

I Introduces sfermions and gauginos
⇒ doubles particle content wrt SM

Sfermions: q, `←→ q̃, ˜̀

Gauginos: e.g. g ←→ g̃

But. . .

I With ∼100 free parameters ⇒ wide
range of possible exp. signatures

Stefan Guindon    CERN LHC Seminar    ATLAS Electroweak SUSYJune 11, 2019

Supersymmetry

!6

l A new symmetry to protect masses of particles at the Planck scale
l Symmetry between fermions and bosons 

l Includes an extended Higgs sector 

l Can offer a DM candidate       also a WIMP
l Solves the fine-tuning problem of the Higgs mass

l Broken symmetry: mass (SUSY)     mass (SM)
Image credit: M. Rimoldi
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Mix of SUSY partners of electroweak and Higgs
bosons is a WIMP. R-parity protects lightest
SUSY particle from decaying, could be DM.

So, SUSY is theoretically appealing,
phenomenologically rich, and
experimentally challenging!
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Long-Lived Particles (LLPs) in SUSY scenarios
LLPs arise if small ME and/or limited phase space for decay, i.e. for (nearly) mass-degenerate spectra, small
couplings, highly virtual intermediate states (comprehensive reviews in 1810.12602 and 1903.04497)

Gauge-Mediated

SUSY-Breaking: displaced Z

decays (see e.g.

hep-ph/9601367)
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Many more not discussed here: e.g. co-annihilation scenarios B̃-g̃ (1504.00504), B̃-W̃ (1506.08206),

AMSB, . . . and of course many non-SUSY BSM models give rise to similar signatures!
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Direct detection of Charged LLP (CLLP): β < 1 and large dE/dx

1810.12602
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Search for heavy charged LLPs (36 fb−1) (Phys. Rev. D 99 (2019) 092007)

I LLP search based on direct detection

I Targets R-hadrons (g̃, t̃, b̃), and
long-lived ˜̀/χ̃±
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I Selection

I Trigger: Emiss
T or muon

I LLP candidate: isolated high-pT track

I Combine p with β (from MS and Tile) and
dE/dx from Pixels for mass estimates

I Signal region: window in 2D mass plane

I Backgrounds

I No physics bg - only instrumental effects!

I PDFs of variables constructed from β and
dE/dx measurements extracted from
side-band data ⇒ expected SR yield

I Low-level detector calibration critical!

I Timing resolution with muons

I dE/dx with low-p SM hadrons
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long-lived ˜̀/χ̃±
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I Selection

I Trigger: Emiss
T or muon

I LLP candidate: isolated high-pT track

I Combine p with β (from MS and Tile) and
dE/dx from Pixels for mass estimates

I Signal region: window in 2D mass plane

I Backgrounds

I No physics bg - only instrumental effects!

I PDFs of variables constructed from β and
dE/dx measurements extracted from
side-band data ⇒ expected SR yield

I Low-level detector calibration critical!

I Timing resolution with muons

I dE/dx with low-p SM hadrons-1.7
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Search for heavy charged LLPs (36 fb−1) (Phys. Rev. D 99 (2019) 092007)
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Analysis also has SRs for signature requiring signal in MS, and requiring two
candidates per event excluding directly produced χ̃± and ˜̀± below 1070 GeV and

420 GeV, respectively
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Search for heavy charged LLPs (36 fb−1) (Phys. Rev. D 99 (2019) 092007)
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Indirect detection of LLP: Displaced Vertex (DV)

1810.12602
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Need dedicated track reconstruction to exploit ID DV signature
I Dedicated second-pass “large-radius” tracking with relaxed d0 and z0 requirements,

runs on unused hits: ATL-PHYS-PUB-2017-014

I Improves performance dramatically for displaced decays - especially for low-mass
vertices.
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Figure 10: Inclusive track reconstruction e�ciency for displaced charged particles produced by the decay of long-
lived signal particles. The e�ciency is shown as a function of the radius of production of displaced particles (rprod),
with truth particles and tracks subject to fiducial selections. The e�ciency for standard and large radius tracking is
additive, and the total e�ciency is the sum of both.

The e�ciency shown in Figure 10 remains much below 100% for large rprod even after the addition of the
large radius tracking; this can arise in part from algorithmic ine�ciencies as well as non-hermeticity of
the detector for non-prompt particles or interactions of the particles with the ATLAS detector material.
To separate these e�ects and to evaluate the algorithmic performance of the tracking setup, a so-called
technical e�ciency is defined. The technical e�ciency is used to determine the reconstruction performance
for truth particles that are expected to leave enough hits in the detector to be reconstructed by the tracking
algorithms employed. To achieve this, requirements are placed on the number of energy deposits left
by truth particles in the simulation samples on active elements of the silicon detectors, as well as basic
acceptance selections. Such selections mimic the minimum requirements of track reconstruction. These
are presented in Table 3, and are applied to the denominator in Eq. 1. The technical e�ciency is an
informative metric for understanding the performance of the large radius tracking as many particles which
are produced far from the interaction point leave too few hits in the silicon to form a valid track and thus
could not be reconstructed by any method using silicon track seeding.

Fiducial selections for technical e�ciency
rprod < 300 mm
|⌘ | < 5
pT > 1 GeV

Number of silicon hits � 7

Table 3: Selections on truth particles used in the denominator of the technical e�ciency. The minimum number of
silicon hits refers to the number of energy deposits by the truth particle on active elements on the ATLAS silicon
detectors.

As demonstrated in Figure 11(a), for the displaced leptons sample, the combined technical e�ciency
ranges between 90% to 100% for truth particles with rprod extending past the last layer of the pixel barrel,
and is still greater than 80% for those with rprod out to 300 mm — the first layer of the SCT. Figure 11(b)
shows the combined technical e�ciency is slightly larger for the LLPs in the displaced hadrons sample,
at least 90% across rprod up to 300 mm. Figure 11 shows that for both types of samples, the large radius

14
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Search for displaced dilepton decays in ID (33 fb−1) (BRAND NEW!)

I Brand new search for displaced
e+e−, µ+µ− or e±µ∓ vertex in the ID!

I Designed to be model-independent,
motivated by e.g. RPV and GMSB
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λ ν
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g̃
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1
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1

p

p

q q

G̃

Z

qq

G̃

Z

Selection outline

I Trigger: high-pT photon or muon
(no ID-track requirements)

I Two leptons w/ pT > 10 GeV forming

displaced `+`− vertex with

I ∆Rxy > 2 mm to all PVs

I Not inside regions with material

I Quality requirements

I Rxy < 300 mm and |z| < 300 mm

I mDV > 12 GeV

Backgrounds (extracted from data):

I cosmic muons (suppressed by ∆R cut)

I randomly crossing tracks in ID

⇒ total O(1) event expected
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Search for displaced dilepton decays in ID (33 fb−1) (BRAND NEW!)
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Displaced muon and displaced vertex (ATLAS-CONF-2019-006)

I LLP result using full Run-2 dataset
(136 fb−1)

I Target: Long-lived t̃ decaying through small
RPV coupling λ′23k (LQD term)

I TeV-scale stop alleviates hierarchy problem

t̃

t̃
p

p

λ′23k

µ

q

λ′23k

µ

q

I Trigger on Emiss
T - muons invisible in

trigger-level Emiss
T or MS-only muon

I Require at least one displaced muon
and one displaced vertex satisfying

I In fiducial volume:
R < 300 mm, |z| < 300 mm

I ntracks ≥ 3

I mDV > 20 GeV

I Backgrounds: hadronic interactions
(suppressed by material veto),
randomly crossing tracks, cosmic
muons, but b-jets more relevant
⇒ but here we have two separate
handles, DV and muon - simplifies
bg estimation (“ABCD” method)
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Uses improved secondary vertexing algorithm (ATL-PHYS-PUB-2019-013)

I Improves performance dramatically - especially for most challenging scenarios with
low-mass LLPs giving displaced vertices with low track multiplicities!

8

R E - V E R T E X I N G

8

• Combined TrackParticle collection fit to vertices using 
VrtSecInclusive 

• Track pT > 1 GeV 

• NSCT-Hits ≥ 2 

• NPIX-Hits ≥ 2 OR NTRT-Hits ≥ 1 

• Track |d0| > 2 mm 

• Creates seed vertices from 2-track vertices with chi2/Ndof < 5 

• To protect against fake vertices, tracks are required to have: 

• Hit at the next tracker layer outward 

• No hits-on-track at lower radius 

• (Assuming decaying particle has significant outward boost) 

• If vertex near tracker layer, allow hits at that layer 

• Merge seed vertices to form final DV candidates

Secondary Vertex

Required Hits

Allowed Hits

Forbidden Hits

Track

TrackPixel Layer-2

Pixel Layer-1

Pixel B-Layer

IBL

6.5 Selection e�ciency

In analyses searching for LLPs, the visible track multiplicity n and the visible invariant mass m are often
used as key discriminating variables. The track attachment feature described in Section 4.5 works to
preserve these properties, and it is expected that the signal selection e�ciency should improve when using
the track attachment feature. The ratio of the yield passing the selection criteria using these variables
gives a benchmark of the reconstruction performance.

Though the detail of the signal selection depends on the optimisation of each analysis, for hadronic
secondary vertex signatures the selection criterion of (n,m) � (5, 10 GeV) is used to demonstrate the
improvement in selection e�ciency for analyses. This requirement is the same as used in Ref. [5]
targeting �̃0

1 ! qqq decays. The secondary vertex selection e�ciency ("sel) is defined as the number
of vertices satisfying the above criterion divided by the number of reconstructed vertices matched to
the LLP decay. The e�ect of track attachment is significant especially for reconstructing relatively light
LLPs. Since attached tracks are selected with very loose requirements, cleaning cuts are applied to the
tracks after the vertex fit was performed and the vertex mass and track multiplicity are recalculated. The
attached tracks are required to not have transverse impact parameter values within approximately 5 mm
of any of the pixel barrel layer radii. Figure 11 shows the selection e�ciency with and without including
the attached tracks for �̃0

1 ! qqq samples for various �̃0
1 masses. As expected, a significant recovery of

the selection e�ciency is observed in all mass points. There is a clear tendency that the relative gain in
e�ciency is larger for lighter �̃0

1 mass, while the relative gain in e�ciency becomes smaller above masses
greater than several hundred GeV.
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Figure 11: Comparison of the signal selection e�ciency for a specific selection of n � 5 and m > 10 GeV for
�̃0

1 ! qqq samples for various �̃0
1 masses.
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Displaced muon and displaced vertex (ATLAS-CONF-2019-006)
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, All limits at 95% CL-1=13 TeV, 136 fbs

Long-lived stops excluded for masses up to 1.75 TeV!

τ(t̃) =
16π

m(t̃) [λ′23k cos θt]
2 ⇒ limits on λ′23k cos θt vs. mass!
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Summary

I Long-lived particles give spectacular detector signatures without irreducible physics
backgrounds - but challenging, the LHC experiments were not designed for LLPs

I Three recent LLP searches targeting SUSY scenarios presented here,
see also Emma Torro’s talk this morning for more ATLAS LLP results

I Parameterized efficiencies (becoming) available for all, allowing our pheno friends to
reinterpret our results with particle-level simulations of their favorite models!

I LLP searches often require significant effort in trigger, reconstruction and simulation
(see public notes on tracking, vertexing, R-hadron simulation used in these results)

I Beyond-SM physics with long-lived particles could have been missed in LHC searches
– there is still room for significant improvements for these types of signatures and
very few results using full Run-2 dataset are out already

I HL-LHC upgrades can further improve sensitivities, and improvements could be
possible already in Run 3 ⇒ LLPs exciting area moving forward!

15 / 28

https://indico.cern.ch/event/577856/contributions/3420072/
https://cds.cern.ch/record/2275635
https://cds.cern.ch/record/2669425
https://cds.cern.ch/record/2676309


Backup slides

16 / 28



Theoretical motivation for long-lived particles (LLPs)

The proper lifetime of a particle, τ , is given by

τ−1 = Γ =
1

2mX

∫
dΠf |M(mX → {pf})|2 (1)

where mX is the mass of the particle, M is the matrix element for its decay into decay
products {pf}, and dΠf is the Lorentz-invariant phase space for the decay.

LLPs arise if there is a small ME and/or limited phase space, i.e.:

I (nearly) mass-degenerate spectra

I small couplings

I highly virtual intermediate states

(Comprehensive reviews of motivation and searches for LLPs in 1810.12602 and 1903.04497)
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Search for heavy charged LLPs (36 fb−1) (Phys. Rev. D 99 (2019) 092007)
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Search for heavy charged LLPs (36 fb−1) (Phys. Rev. D 99 (2019) 092007)

Exclusion limits on detector-stable sbottom and stop R-hadrons
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Search for heavy charged LLPs (36 fb−1) (Phys. Rev. D 99 (2019) 092007)

Exclusion limits on detector-stable χ̃± and ˜̀±
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Displaced muon and displaced vertex (ATLAS-CONF-2019-006)
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Displaced muon and displaced vertex (ATLAS-CONF-2019-006)
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Displaced muon and displaced vertex (ATLAS-CONF-2019-006)
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Displaced vertex + Emiss
T , 1710.04901

I Target: scenarios with LLPs decaying in ID to
visible and invisible particles, e.g. Split-SUSY

q̃∗
g̃

q

q

χ̃0
1

I Trigger on Emiss
T , cut at 250 GeV offline

I Require at least one displaced vertex (DV)
satisfying

I In fiducial volume:
R < 300 mm, |z| < 300 mm

I ntracks ≥ 5

I mDV > 10 GeV

Backgrounds: 0.02± 0.02 events exp.

I Hadronic interactions - veto regions
with material!

I Accidentally crossing tracks -
promotes low-mass SM LLPs (B,
K0
S) to higher mass and nTracks

I Merged low-mass vertices
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Displaced vertex + Emiss
T , 1710.04901
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Displaced vertex + Emiss
T , 1710.04901
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How a theorist can apply our result to her/his favorite model

Truth MET LLP decays

Event level Vertex level

Acceptance: 
MET > 200 GeV In	acc?

Use decay products satisfying: 
pT > 1 GeV, d0 > 2 mm

Weight = 0

Apply efficiency for 
reco-level MET cut

Parameterized in 
bins of true MET
(200,250,500,inf)

In	acc?
Vertex acc: 
nTracks >= 5
mDV > 10 GeVNo

Yes

Weight = 0
None

Apply reco eff to 
each vertex

Parameterized in 
bins of nTracks, mDV
extracted for each 

radial region

Yes

Eff. for having at 
least one reco DV

✏vtx = 1�
Y

DVs

(1� ✏i)

wtot = ✏event ⇥ ✏vtx

Truth	event

Loop over all
DVs in acc.
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DV+Emiss
T : event-level efficiencies
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DV+Emiss
T : vertex-level efficiencies
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