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‣ In many models of BSM physics there are free parameters that influence the lifetimes of the new 
particle states, with no strong motivation for assuming that all the particles decay promptly 

‣ New particles will either be 
‣ Prompt decaying 
‣ Semi-stable Long-Lived Particles (LLPs), decay in the detector 
‣ Detector-stable, decay outside the detector 
‣ Stable 

‣ Then, can we look for LLPs in ATLAS? 

‣ ATLAS and CMS are designed to optimize 
object identification for (prompt) SM 
particles 

‣ Standard object ID algorithms don’t usually 
have good efficiency for LLP reconstruction 

we need to make sure we 
have sensitivity to these too!

LLP searches in ATLAS
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‣ Yes! ATLAS is well suited for these searches  
• large integrated luminosity 
• excellent tracking, vertexing, calorimetry, muon ID but standard 

tools need to be adjusted

‣ So, where should we look? 
• Many different signal models predict LLP 
• The strategy is to organize searches according to final states. 
• Searches as model independent as possible 
• Use several models for selection optimization, if necessary define several SRs 
• Give all possible information for recasting

LLP searches in ATLAS
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‣ Trigger: combination of hardware + software that must decide very quickly whether to save an event or 
lose it forever 

• First step in every search for LLPs: make sure that interesting events are saved! 

1. In associated production, trigger on prompt particle (Eg. WH prod. trigger on mu; ISR trigger on MET) 

2. Design and develop a new trigger. Need to keep trigger rates under control and within budget 

‣  Object identification algorithms assume prompt particles. Need to adapt them 

‣ Backgrounds: SM backgrounds usually small but instrumental background such as miss-identified leptons 
(“fakes”) and non-collision backgrounds (NCB) have to be taken into account 

‣ Systematic uncertainties: can’t use standard recommendations for object reconstruction nor trigger

weak decays of 
heavy flavour

material interactions beam halo muons cosmic muons

Challenges in LLP searches
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13 TeV, 32.9fb-1: EXOT-2017-03

Non-collimated muons search

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-03/
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Benchmark models
• Search for pairs of muons with opposite-sign electric charge, μ+ μ− , not 
originating from the IP

32.9 fb−1  
13 TeV (2015-2016 data)

• “Higgs portal” models: 
• U(1)D symmetry in the dark sector
• the dark photon ZD, is given mass via a singlet scalar field HD , analogous to 
the Higgs field H in the visible SM sector

• (+ SUSY GGM model)

where values as large as 25% have not yet been ruled out by constraints from Higgs coupling fits [70,
71]. For ✏ ⌧ 1, the ZD branching fraction to muons, B (ZD ! µ+µ�), is independent of ✏ but varies with
mZD [69]: from a value of 0.1475 for mZD = 20 GeV to a value of 0.1066 for mZD = 60 GeV. Five signal
samples were generated with ZD masses and lifetimes given in Table 2. The Higgs boson is produced via
the gluon-gluon fusion process, assuming a cross-section of 44.1 pb, calculated at next-to-next-to-leading
order in the strong coupling constant, adding the resummation of soft gluon emission at next-to-next-
to-leading-logarithmic accuracy [72]. The inclusion of other production processes was found to have a
negligible impact on the analysis.
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Figure 1: Diagrams representing BSM processes considered signals in this article: (a) long-lived neutralino �̃0
1

decay in a GGM scenario, and (b) long-lived dark photons ZD produced from Higgs boson decay. The quarks, q,
may have di�erent flavors (excluding the top quark). The symbol f represents fermions lighter than half the mass
of the Z boson.

Table 2: MC signal samples for the dark-sector interpretation. For all samples, mH = 125 GeV, mHD = 300 GeV,
� (pp ! H) = 44.1 pb (via the gluon-gluon fusion production process) and B (H ! ZDZD) = 0.10.

mZD [GeV] c⌧ZD [cm] B (ZD ! µ+µ�)

20 50 0.1475
40 50 0.1370
40 500 0.1370
60 50 0.1066
60 500 0.1066

The signal samples were generated with only a few di�erent choices of lifetime for the LLP: c⌧gen = 50,
100 or 500 cm. To obtain distributions corresponding to a di�erent lifetime, c⌧new, each event is given a
weight. The weight wi assigned to each LLP i is computed as:

wi (ti) =
⌧gen

e�ti/⌧gen
· e�ti/⌧new

⌧new
,

where the first factor reweights the exponential decay to a constant distribution and the second factor

6
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selection criteria are used to first identify suitable muon candidates, and then pairs of muons of opposite
charge consistent with a DV. The backgrounds from all SM beam-collision and non-beam-collision
processes (cosmic-ray muons or beam-halo particles) are estimated directly from the data. Finally, the
number of vertices expected from background processes is compared with the observed number of vertices
in data in two signal regions, distinguished by the dimuon invariant mass.

4.1 Trigger requirements

Events must satisfy the requirements of at least one of four di�erent triggers in order to achieve the best
possible e�ciency for a wide variety of signal topologies and kinematics. The triggers used and their
descriptions are given in Table 4. The first two triggers are highly e�cient for signals with high-mass
states that feature muons with large transverse momentum and large transverse impact parameters, d0,
such as the GGM model, while the final two allow e�cient selection of signals featuring low-mass states,
and therefore lower-pT muons (e.g. the dark-sector model). All three of the muon triggers use only
measurements in the MS to identify muons.

Table 4: Description of triggers used to select events. The quantity �Rµµ is the angular distance between the two
muons in the collimated-dimuon trigger.

Signal type Trigger Description Thresholds

High mass Emiss
T missing transverse momentum Emiss

T > 110 GeV
single muon single muon restricted to the barrel region muon |⌘ | < 1.05 and pT > 60 GeV

Low mass collimated dimuon two muons with small angular separation pT of muons > 15 and 20 GeV and �Rµµ < 0.5
trimuon three muons pT > 6 GeV for all three muons

The thresholds for the Emiss
T and collimated-dimuon triggers changed during the course of 2016 data

taking. To account for these changes, the highest available threshold for each trigger is used and o�ine
requirements are imposed corresponding to the thresholds listed in the table. Moreover, additional stricter
requirements are imposed on the corresponding o�ine quantity in order to ensure that the trigger e�ciency
falls on the e�ciency plateau.

For signal events with displaced dimuon vertices, the single-muon trigger e�ciency falls o� approximately
linearly with |d0 |, from a maximum of about 70% at 0 cm to approximately 10% at the fiducial limit of
400 cm, due to requirements that favor muon candidates that originate close to the IP. The calorimeter-
based Emiss

T trigger is employed to recover some signal e�ciency. As muons leave little energy in the
calorimeter and the Emiss

T at the trigger level is computed only using the calorimeter signals, the Emiss
T

trigger is an e�ective muon trigger.

The collimated-dimuon trigger is based on reconstruction of muon tracks with low pT thresholds. The
large rates associated with the low pT thresholds are o�set by requiring two muons in the MS that are
within a cone of size�R = 0.5. The e�ciency of this trigger for a given signal model is strongly dependent
on the magnitude of the boost of the particle decaying to the dimuon final state, as this determines the
likelihood of the two muons being found within a cone of size �R = 0.5. The trimuon trigger increases
the e�ciency for selecting events with particles that have a relatively large branching fraction to muons,
as is the case of the ZD in the signal model explored in this article.

8

• Designed to 
• strongly suppress background
• efficiently accepting signal events over a wide range of LLP masses, lifetimes and velocities. 
• minimal requirements are placed on other aspects of the event, to retain the greatest possible 
model independence  

• Trigger on MSonly muons
• All three of the muon 
triggers use only 
measurements in the 
MS to identify muons. 

• Muon reconstruction:
• “standard” muons: matching between a track in the Muons 
System (MS) and a track in the Inner Detector (ID)

• muon from LLP: track in the MS with no matching in the ID 
• This analysis searches for pairs of MSonly muons

Non-collimated muons 
Selection

standard muon MSonly muon
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• Two kinds of backgrounds:
• non-prompt background: cosmic muons + beam-induced background + pions/kaons 

• leave signal in the MS only -> can be reconstructed as MS only muons
• pair of muons doesn’t have charge correlation —> estimated using a CR with SS muons
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Figure 2: Distributions of: (a) dimuon invariant mass mµµ and (b) signed vertex radius rvtx for opposite-charge
dimuon vertices satisfying the preselection requirements described in the text; (c) mµµ and (d) signed rvtx for
same-charge dimuon vertices satisfying the preselection requirements described in the text. The stacked histograms
represent the expected contributions from various SM background processes and are derived from MC simulations
scaled to an integrated luminosity of 32.9 fb�1. Multijet processes are not included in the background due to
the limited number of simulated events. The contributions from these processes are most substantial at small
values of mµµ. The shaded bands represent the statistical uncertainties in the simulated background. The observed
distributions for data are given by the points with error bars.
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Figure 3: The e�ciency for selecting a displaced dimuon vertex that satisfies the requirements of SRhigh and SRlow
as function of (a) and (c) generated decay length Lvtx, and (b) and (d) generated transverse impact parameter d0 of
the leading muon. These e�ciencies are calculated relative to all generated signal vertices and include geometrical
acceptance and reconstruction e�ects. The distributions in (a) and (b) are derived from signal events with a long-
lived neutralino, �̃0

1 , decaying to a Z boson (with Z ! µ+µ�) and a gravitino. The distributions in (c) and (d) are
derived from signal events with a long-lived dark photon, ZD, that decays to µ+µ�. The shaded bands represent the
statistical uncertainties in the e�ciencies.
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• Vertexing:
• for every pair of MSonly 
muons, extrapolate tracks to 
IP and find point of closest 
approach 

• efficiency decreases with 
decay position 

Non-collimated muons 
Backgrounds

• prompt backgrounds: from SM processes (DY, Z+jets) 
where 

• jets are misidentified as muons
• jets punch-through
• reduced by requiring muon isolation from jets and 
ID tracks

• mμμ >15 GeV to avoid low-mass resonances
• estimated with data-driven method
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Results
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between 0.1475 and 0.1066 for the range mZD = 20–60 GeV.

7 Conclusion

This article reports on a search for BSM long-lived particles decaying into two muons of opposite-sign
electric charge in a sample of pp collisions recorded by the ATLAS detector at the LHC with a center-
of-mass energy of

p
s = 13 TeV and an integrated luminosity of 32.9 fb�1. The search is performed by

identifying dimuon vertices with displacements from the pp interaction point in the range of 1–400 cm and
having invariant mass mµµ within one of two signal regions: 20–60 GeV or > 60 GeV. In neither signal
region is a significant excess observed in the number of vertices relative to the predicted background.
Hence upper limits at 95% confidence level on the product of cross-section and branching fraction are
calculated, as a function of lifetime, for production of long-lived particles in either a dark-sector model
with dark-photon masses in the range 20–60 GeV, produced from decays of the Higgs boson, or in a
general gauge-mediated supersymmetric model with a gluino mass of 1100 GeV and neutralino masses in
the range 300–1000 GeV. For the models considered, the lower and upper lifetime limits are set from 1 to
2400 cm in c⌧, respectively, depending on the targeted model’s parameters.
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Figure 8: The observed and expected 95% CL upper limits on the product of cross-section and branching ratios,
� ⇥ B = � (pp ! H) ⇥ B (H ! ZDZD) ⇥ B (ZD ! µ+µ�), in the dark-sector model, as a function of the ZD
lifetime, for three di�erent choices of mZD: (a) 20 GeV, (b) 40 GeV and (c) 60 GeV. The shaded green (yellow)
bands represent the 1� (2�) uncertainties in the expected limits. The dashed horizontal lines represent the values
of the cross-section times branching fractions predicted by simulation, with mH = 125 GeV, mHD = 300 GeV,
� (pp ! H) = 44.1 pb and assuming B (H ! ZDZD) = 10% or 1%. The value of B (ZD ! µ+µ�) varies between
0.1475 and 0.1066 for the range mZD = 20–60 GeV.
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the two muons, and a maximum deviation of 6% is observed. This di�erence is taken as an uncertainty
in the signal e�ciency. The agreement between data and MC simulation for the reconstruction e�ciency
for MS tracks with large impact parameters was studied by comparing a cosmic-ray muon simulation to
cosmic-ray muon candidates in data [22]. Comparing the ratio of the muon candidate d0 distributions in
the two samples yields a d0-dependent e�ciency correction that is between 1% and 2.5%, with an average
value of 1.5%. The systematic uncertainty on MS track reconstruction associated with this procedure is
taken from the statistical uncertainty, and is 2% per track in the vertices.

The systematic uncertainty from pileup e�ects is determined by varying the pileup reweighting of simulated
signal events in a manner that spans the expected uncertainty. This results in a systematic uncertainty of
0.2% in the signal e�ciency.

The methods used to estimate the background are entirely data-driven, with statistical uncertainties arising
from the numbers of events in the CRs. The non-prompt-vertex background estimate for both signal
regions has a systematic uncertainty of 19% associated with knowledge of the charge correlation Rq, as
described in Section 4.6. Systematic uncertainties in the estimate of the prompt background are determined
by varying the quantity that distinguishes MScomb from MSonly muons, the angular distance between
the MS track and nearest combined-muon track, by ±50% and repeating the ABCD technique described
in Section 4.7. A 9% di�erence in the prompt background estimate is observed, and this is taken as a
systematic uncertainty.

6 Results

The predicted number of non-prompt muon vertices is summed with the predicted number of prompt
muon vertices from SM background processes to give the predicted total number of background vertices,
Nbkgd, in each SR. The predicted background yields, along with the number of observed vertices in the
data, are summarized in Table 11. The distributions of mµµ and rvtx are shown in Figure 6 for the observed
vertices in the two signal regions. Each dimuon vertex is in a separate event, and therefore the number
of events observed is equivalent to the number of vertices. The dimuon vertex with the highest mass has
mµµ = 381 GeV, rvtx = �220 cm and zvtx = 99 cm. Close inspection of the event reveals characteristics
of being cosmic in origin. The observation of one such dimuon vertex in SRhigh is consistent, within
the uncertainties, with the non-prompt background estimate of Nnon-prompt = 0.0+1.4

�0.0. The other vertex in
SRhigh has a mass compatible with the decay of the SM Z .

Table 11: Predicted non-prompt Nnon-prompt, prompt Nprompt, and total Nbkgd background yields and number of
observed vertices Nobs in data in SRlow and SRhigh. The uncertainties in the predicted background yields are
statistical uncertainties and systematic uncertainties added in quadrature.

Yield SRlow SRhigh

Nnon-prompt 13.6 ± 4.9 0.0 + 1.4
� 0.0

Nprompt 0.1 ± 0.2 0.50 ± 0.07

Nbkgd 13.8 ± 4.9 0.50 + 1.42
� 0.07

Nobs 15 2
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• Background estimation in agreement with observation
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Figure 8: The observed and expected 95% CL upper limits on the product of cross-section and branching ratios,
� ⇥ B = � (pp ! H) ⇥ B (H ! ZDZD) ⇥ B (ZD ! µ+µ�), in the dark-sector model, as a function of the ZD
lifetime, for three di�erent choices of mZD: (a) 20 GeV, (b) 40 GeV and (c) 60 GeV. The shaded green (yellow)
bands represent the 1� (2�) uncertainties in the expected limits. The dashed horizontal lines represent the values
of the cross-section times branching fractions predicted by simulation, with mH = 125 GeV, mHD = 300 GeV,
� (pp ! H) = 44.1 pb and assuming B (H ! ZDZD) = 10% or 1%. The value of B (ZD ! µ+µ�) varies between
0.1475 and 0.1066 for the range mZD = 20–60 GeV.
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13 TeV result, 3.2fb-1: 
ATLAS-CONF-2016-042

Displaced Lepton-jets search

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
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• Search for pairs of collimated muons or low EMF jets

• Falkowsky-Ruderman-Volansky-Zupan (FRVZ) models: 
• Higgs boson decays to a pair of hidden fermions fd2  which produce two (four) γd 

• A low-mass dark photon mixing kinetically with the SM photon will decay mainly to leptons 
and possibly light mesons 

• The γd decay lifetime, controlled by the kinetic mixing parameter, ε, is a free parameter. 
• At the LHC, these dark photons would typically be produced with large boost, due to their 
small mass, 
—> collimated jet-like structures containing pairs of leptons and/or light hadrons (lepton-

jets, LJs)

the gluon–gluon fusion Higgs production cross section is higher by a factor of approximately 2.3 [37],
leading to increased expected production of LJs in models where dark photons appear in decay chains
starting from a Higgs.
The LJ definition and two simplified benchmark models for LJ production are presented in Section 2. A
brief description of the ATLAS detector follows in Section 3. The signature and the search criteria used
to select LJs are discussed in Section 4 and Section 5. Section 6 describes two additional cuts imposed at
event level to improve the selection of LJs. In the Section 7 the acceptance time reconstruction e�ciency
for the signal models is reported. The final results, the residual background evaluated using a data-driven
method and the systematic uncertainties on the search, are presented in Section 8. The results of the search
are also used to set upper limits on the product of cross section and Higgs decay branching fraction to LJs,
as a function of the dark photon (�d) mean lifetime. Section 9 summarizes the results of this search.

2 Signal benchmark models

Amongst the numerous models predicting �d, one class particularly interesting for the LHC features the
hidden sector communicating with the SM through the Higgs portal. The two benchmark models used in
this analysis are the Falkowsky-Ruderman-Volansky-Zupan (FRVZ) models [8, 9] where the Higgs boson
decays to a pair of hidden fermions fd2 . As shown in Figure 1, the first benchmark model produces two
�d while the second produces four �d. In the first benchmark model (left), the dark fermion decays to
a �d and a lighter dark fermion fd1 , assumed to be the HLSP (Hidden Lightest Stable Particle). In the
second model (right), the dark fermion fd2 decays to an HLSP and a dark scalar sd1 that in turn decays to
pairs of dark photons. In general, dark sector radiation can produce extra dark photons, but the number

γd 

H 

fd 2 

fd 2 

γd 

HLSP 

HLSP 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

γd 

H 

fd 2 

fd 2 

γd 
HLSP 

HLSP 

γd 

γd sd 1 

sd 1 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

ℓ  + 
ℓ  - 

Figure 1: The two FRVZ models used as benchmarks in the analysis. In the first model (left), the dark fermion
decays to a �d and a HLSP. In the second model (right), the dark fermion fd2 decays to an HLSP and a dark scalar
sd1 that in turn decays to pairs of dark photons.

produced is model-dependent because the number of radiated dark photons is proportional to the size of
the dark gauge coupling ↵d (see, for example, equation 3.1 in [7].) The dark radiation is not included in
the signal MC, which corresponds to assuming weak dark coupling, ↵d . 0.01.
A low-mass dark photon mixing kinetically with the SM photon will decay mainly to leptons and possibly
light mesons, with branching fractions that depend on its mass [8, 38, 39]. In the models considered, the
decays to tau-leptons are not included. The �d decay lifetime, ⌧ (expressed throughout this note as ⌧ times
the speed of light c), is controlled by the kinetic mixing parameter, ✏ [39] and is a free parameter of the
model. The set of parameters used to generate the signal MC is listed in Table 1. The Higgs boson is
generated through the gluon–gluon fusion production mechanism, the dominant process for a low-mass
Higgs. The gluon–gluon fusion Higgs boson production cross section in pp collisions at

p
s = 13 TeV,

3

(Hidden Lightest 
Stable Particle)

estimated at the next-to-next-to-leading order (NNLO) [40], is �SM = 43.87 pb for mH = 125.09 GeV. The
masses of fd2 and fd1 are chosen to be light relative to the Higgs boson mass, and far from the kinematic
threshold at m fd1/LSP + m�d = m fd2

. For the chosen dark-photon mass (0.4 GeV), the �d decay branching
ratios (BR) are expected to be 45% e

+
e

�, 45% µ+µ�, 10% ⇡+⇡� [8]. The mean lifetime ⌧ of the �d is a
free parameter of the model. In the generated samples c⌧ is chosen such that, accounting for the boost of
the �d, a large fraction of the decays occurs inside the sensitive ATLAS detector volume (i.e. up to 7 m in
radius and 13 m along the z-axis, where the muon trigger chambers are located.) The detection e�ciency
can then be estimated for a range of �d mean lifetimes through reweighting of the decay position in the
generated samples. A second set of MC events with a Higgs-like scalar at high mass (800 GeV), and the
same decay chain, has also been simulated.
The MG5_aMC@NLO v2.2.3 generator [41], linked together with the PYTHIA8 generator [42] v8.186,
is used for gluon–gluon fusion production of the Higgs boson and the subsequent decay to dark-sector
particles.
The generated Monte Carlo events are processed through the full ATLAS simulation chain based on
GEANT4 [43, 44] and then reconstructed and processed in the same manner as the data.

Benchmark mH mfd2
mHLSP msd1

m�d c⌧�d Branching Branching Branching
model Ratio Ratio Ratio

[GeV] [GeV] [GeV] [GeV] [GeV] [mm] �d ! ee �d ! µµ �d ! ⇡⇡
2 �d 125 5.0 2.0 - 0.4 47.0 45% 45% 10%
4 �d 125 5.0 2.0 2.0 0.4 82.40 45% 45% 10%
2 �d 800 5.0 2.0 - 0.4 11.76 45% 45% 10%
4 �d 800 5.0 2.0 2.0 0.4 21.04 45% 45% 10%

Table 1: Parameters used for the Monte Carlo simulation, for mH = 125 and mH = 800 GeV. The first and the third
rows are for the 2 �d final state (first benchmark model). The second and fourth rows are for the 4 �d final state
(second benchmark model). Each dataset consists of approximately 300000 events.

3 ATLAS detector

ATLAS is a multi-purpose detector [45] at the LHC, consisting of an inner tracking system (ID) contained
in a superconducting solenoid, which provides a 2 T magnetic field parallel to the beam direction,
electromagnetic and hadronic calorimeters (EMCAL and HCAL) and a muon spectrometer (MS) that has
a system of three large air-core toroid magnets.
The ID combines high-resolution detectors at the inner radii with continuous tracking elements at the
outer radii. It provides measurements of charged-particle momenta in the region of pseudorapidity1
|⌘ |  2.5. The highest granularity is obtained around the interaction point using semiconductor pixel
detectors arranged in four barrel layers and three disks on each side2, followed by four layers of silicon
microstrip detectors and a transition radiation tracker.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis coinciding with the beam pipe axis. The x-axis points from the interaction point to the centre of the LHC ring, and
the y-axis points upward. Cylindrical coordinates (r ,�) are used in the transverse plane, � being the azimuthal angle around
the beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = �ln tan(✓/2).

2 The outermost barrel layer has an average radius 12.25 cm, and the outermost endcap layer at |z | = 65 cm. The innermost
barrel layer, composed by planar and 3D pixel sensors, is the Insertable B-layer (IBL).

4
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Figure 2: Schematic picture of the LJ classification according to the �d decay final states. Electrons and pions
originating from �d decay appear as jets. Type0 LJ is composed of only muons (left). Type1 LJ is composed of
muons and a jet (centre). Type2 LJ is composed of only jets (right).

a cone of a fixed �R. The algorithm is seeded by the highest-pT muon. If at least two muons are found
in the cone, the LJ is accepted. The search is then repeated with any unassociated muon until no muon
seed is left. For Type0 LJs, the size of the search cone is optimised using the distribution of the maximum
opening angle between the muons or between muons and jets in the benchmark model MC. It is found
that for the benchmark models considered in this analysis, a cone size of �R = 0.5 contains all the dark
photons decay products.
For the Type2 LJs an anti-kt calorimetric jet search algorithm [48], with the radius parameter R = 0.4,
is used to select �d decaying into an electron or pion pair. Jets must satisfy the standard ATLAS quality
selection criteria [49] with the requirement pT � 20 GeV. The otherwise standard requirement on the
electromagnetic (EM) fraction, defined as the ratio of the energy deposited in the EM calorimeter to
the total jet energy, is removed to accommodate decays in the HCAL. The jet energy scale correction
as defined in [50] is applied. LJs produced by a single dark photon decaying into an electron/pion pair
and LJs containing two dark photons, each decaying to an electron/pion pair, are always expected to be
reconstructed as a single jet due to their large boost.

5 Event preselection and background rejection

Data used for this analysis were collected during the entire 2015 data taking period, where only runs in
which all the ATLAS subdetectors were running at nominal conditions are selected.

5.1 Triggers

A large fraction of the standard ATLAS triggers [46] are designed assuming prompt production and
therefore are very ine�cient in selecting the products of displaced decays. The logical OR of the
following dedicated triggers is used:

• Narrow-Scan: The Narrow-Scan trigger was introduced for the 2015 data-taking, and adopts a
specialised and novel approach for a wide range of signal models featuring highly collimated muons
such as in the LJ case. The Narrow-Scan algorithm begins with requiring at least one L1 trigger
muon object. Other multi-muon triggers, which usually require more L1 trigger muon objects, have

6

at least two muons 
and no jets 

at least two muons 
and only one jet in the 

cone 

no muons 

• Muon reconstruction:
• MSonly muons
• clustering algorithm that 
combines all the muons 
lying within a cone

• Jet reconstruction
• LJs produced by a single 
dark photon decaying into 
an electron/pion pair 

• expected to be 
reconstructed as a single 
jet due to their large boost. 

• Triggering for the low-masses is difficult
• Trigger efficiency (%):

large associated signal e�ciency losses in the case where the muons are produced close together.
These losses are mainly due to the limited granularity at L1, resulting in fewer reconstructed L1
muon objects than “real” muons, and due to the inevitable matching ambiguity between the L1 and
the HLT muon objects. To compensate for the high rate from only one L1 muon object (which
is fully matched at HLT), a “scan” is performed for another muon at HLT without requiring it to
match a L1 muon object. To limit the online resources consumption, the scan is limited to a narrow
cone around the previously fully matched muon, where e.g. other constituents of the lepton-jet are
expected to be found. In the trigger used in this analysis, neither of the fully matched HLT muons is
required explicitly to have a matching ID track, while the “scanned” muon is explicitly required to
be unmatched to an ID track. In this analysis the trigger is implemented such that the fully matched
muon must have pT � 20 GeV, while the “scanned” muon must lie in the a cone of �R = 0.5 around
the leading muon and have pT � 6 GeV.

• Tri-muon MS-only [51]: selects events with at least three MS-only muons with pT � 6 GeV. It
is seeded at L1 by a cluster of three muon ROIs in a �R = 0.4 cone, and is required to have no
reconstructed jets within a cone of �R = 0.5.

• CalRatio [51]: selects events with an isolated jet of low EM fraction. The CalRatio trigger is seeded
by a L1 tau-lepton trigger with pT � 60 GeV. A L1 tau-lepton seed was chosen over a jet seed
because the L1 ⌧ seed uses a narrower calorimeter region than the L1 jet seed. Decays of �d in the
HCAL tend to produce narrow jets. The trigger requires the jet to have |⌘ |  2.4 (to ensure that ID
tracks can be matched to it) and ET � 30 GeV. A selection requirement on the calorimeter energy
ratio is then imposed, requiring log(EHCAL/EECAL) � 1.2. Finally, ID track isolation selection
around the jet axis (no track with pT � 2 GeV within �R  0.2 from the jet axis) and BIB tagging
are performed to reject fake jets from beam-halo muons.

The resulting trigger acceptance times e�ciencies on the benchmark models, defined as the ratio between
the number of triggered events and the total number of MC generated ones, are shown in Table 2. The
Narrow-Scan trigger, which was not available in Run 1, provides a large increase in trigger e�ciency. The
CalRatio trigger has lower e�ciency for this analysis in Run 2, due to the increased minimum tau-lepton
pT threshold at L1.

Trigger Higgs! 2�d + X Higgs! 2�d + X Higgs! 4�d + X Higgs! 4�d + X

mH = 125 GeV mH = 800 GeV mH = 125 GeV mH = 800 GeV
Tri-muon MS-only 2.0 2.4 4.9 7.8

Narrow-Scan 10.6 23.0 8.3 38.4
CalRatio 0.3 9.7 0.1 7.4
OR of all 11.9 32.0 11.8 44.8

Table 2: The acceptance times e�ciency (in %) of the triggers for MC of the benchmark processes.

5.2 Rejection of cosmic-ray muons background

Cosmic-ray muons that cross the detector in time coincidence with a pp interaction constitute the main
source of background to the Type0 signal, and a sub-dominant background to the Type1 and Type2 signals.
A sample of events collected in the empty bunch-crossings (bunches not filled with protons) with the same

7

• The analysis divides the various LJs into categories based on the species of the constituent particles.

same as in the non-collimated muons search
trackless low-EMF jets

Lepton-jets: Selection
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• Cosmic-ray muons:
• studied in events collected in empty 
bunch-crossings

• rejected with cuts in z0 and t

• SM multijets
• reduced with selection:

• EM fraction < 0.1
• jet width < 0.058
• jet vertex fraction < 0.56

• Final estimation with data-driven methods 

• Beam-induced-background
• reduced with BIB-tagging using 
low EMF jets and MS end-cap 
information

• Other SM processes (W+jets, Z+jets, tt ,̄ 
single-top, WW, WZ, and ZZ) 

• can lead to real prompt muons and 
muons plus jets) that could fake displaced 
muons

• studied in MC
• negligible after requiring MSonly 
muons

triggers as in the 2015 collision data is used to study this background.
To reduce contamination of LJ Type0 and Type1 by cosmic-ray muons, a selection requirement on the
longitudinal muon track impact parameter |z0 | is used, where |z0 | is defined as the minimum distance
in the z-coordinate of the non-combined muon track to the primary interaction vertex. The primary
interaction vertex is defined to be the vertex whose constituent tracks have the largest ⌃p

2
T. Figure 3 (left)

shows the |z0 | distributions for muonic LJ constituents in empty bunch-crossings (cosmic-ray muons) of
the 2015 data taking, and in the mH = 125 GeV FRVZ Higgs! 4�d + X sample. (Amongst the FRVZ
samples, the Higgs! 4�d+X exhibits the widest |z0 | distribution, due to the lower LJ boost.) A selection
requirement |z0 |  280 mm is used; in this way only 5% of the signal in the Higgs! 4�d + X sample is
lost while eliminating 96% of the cosmic-ray background. Energy deposits from hard bremsstrahlung of
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Figure 3: The muon impact parameter |z0 | (left) for muonic LJ constituents in empty bunch-crossings (cosmic-ray
muons) and for muonic LJ constituents in the mH = 125 GeV FRVZ Higgs! 4�d + X case. The jet timing, �tCalo,
(right) of Type2 LJs from signal MC and single jet triggered events in empty bunch-crossings. In both plots, data
refers to the 2015 data taking.

cosmic-ray muons in the HCAL can be reconstructed as jets with low EM fraction, creating a background
to the Type1 and Type2 LJ selections. The observable used to remove jets from cosmic-ray events is the
jet timing �tCalo, defined as the energy-weighted mean time di�erence between the bunch-crossing time
and the time of the energy deposition in the calorimeter cells. Figure 3 (right) shows that cosmic rays tend
to have a wide �tCalo distribution, while the signal MC Type1 and Type2 jets have a narrow peak at the
bunch-crossing time. Removing jets with �tCalo outside the interval between �4 ns and +4 ns removes a
large fraction of the cosmic-ray jets, with a loss of signal less than 5%.

5.3 Rejection of multijet production background

Multijet production constitutes the main background to the Type2 LJ signal. The search explicitly targets
�d decays in the HCAL, resulting in most of the energy deposition occurring in the HCAL rather than in
the ECAL. Therefore, low EM fraction is an e�ective criterion to distinguish jets in Type1 and Type2 LJs
from multijet background.
Another e�ective discriminating variable is the jet width W , defined as the average distance of a jet

8
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Lepton-jets: Backgrounds
• Type 2 Lepton-jets (hadronic) 

• Type 0 Lepton-jets (muonic) 
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selection requirements and allow the expected background to the signal region to be derived from the
control regions B, C and D.
As a validation of the ABCD method, region B is populated using somewhat looser selection requirements
than those specified in Table 3, in order to increase the statistics. Region B is then divided into 4 sub-
regions. The sub-region with lower Max⌃pT and higher |��|LJ is treated as a mock signal region, with
the other sub-regions serving as control regions. Applying the method, the expected number of events in
the mock signal region is in good agreement with the observed number. The ABCD method is also tested
using two independent data samples. One is equivalent to 1 fb�1 of 2015 di-jet data which is obtained
by loosening the requirement on EM fraction to < 0.6 in order to increase the statistics. The second
sample is cosmic-ray-dominated, obtained by inverting both the |z0 | and the jet timing requirements. The
expected number of events in the signal region for the di-jet data sample is 169 ± 72, compared with the
observed 141 ± 12 in the nominal selection. The expected number of events in the signal region for the
cosmic-ray sample is 1257 ± 361, compared with the observed 1082 ± 33 in the nominal selection. The
two samples are combined with a scale factor derived by fitting the sum of the two |��|LJ distributions
to the data. The resulting number of events in the signal region for the combined sample is 329 ± 75,
compared with the observed 270± 27 in the nominal selection, implying the closure of the method within
the uncertainties.
The ABCD method has two sources of systematic uncertainty. One contribution originates from a
possible residual correlation between the two observables used in the ABCD method: |��|LJ and Max⌃pT.
This contribution is estimated by recomputing the expected number of background events in the signal
region excluding the events falling in a gap between the signal region and the control regions. The
signal region is kept fixed, while the size of the gap is varied based on the expected resolution on the
|��|LJ variable (estimated comparing the LJ direction at the MC generator level with the reconstructed
direction, � |�� |LJ ⇡ 0.1 rad), and on the Max⌃pT (estimated from the ID track isolation distribution
using the Z ! µµ data sample, �Max

P
pT ⇡ 0.25 GeV). A bootstrap resampling method is applied to

deconvolute the contribution from statistical fluctuation. This technique is applied only to the set of
events with a Type2–Type2 LJ pair, and then to the orthogonal set of events with all LJ pair types except
Type2–Type2. Similar results are obtained for the two sets; the expected systematic uncertainty on the
number of expected background events in the signal region is taken to be the larger of the two results as
15%.
The second contribution comes from the non-closure of the ABCD method performed on the sum of
cosmic-ray and di-jets samples, as described above. The systematic uncertainty from this contribution
amounts to 22%. Adding the two contributions in quadrature, the final systematic uncertainty is 27%.
The additional e�ect of signal leakage into the control regions are taken into account by the simultaneous
ABCD method used.
Table 5 shows the final result: the observed data events in the signal region, and the expected multijet and
cosmic-ray residual contaminations. Taking into account the expected high background for the Type2–
Type2 events, the ABCD method is performed on three categories: all events, excluding the Type2–Type2
event, and only the Type2–Type2 event. In all categories, no evidence of signal is observed. Assuming a

Category Observed events Expected background

All events 285 231 ± 12 (stat) ± 62 (syst)
Type2–Type2 excluded 46 31.8 ± 3.8 (stat) ± 8.6 (syst)

Type2–Type2 only 239 241 ± 41(stat) ± 65(syst)

Table 5: Results of the ABCD compared with the observed events on data after all selection requirements are applied.
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Figure 9: Ratio of the acceptance times e�ciency at a given c⌧ to that at c⌧ = 47 mm (red line) of the reference
SM 125 GeV Higgs ! 2�d + X MC. Solid black diamonds show the values of this ratio found directly from
additional full-simulation MC at other �d lifetimes; the good compatibility of these points with the curve validates
the e�ciency-finding method.

ratio (�⇥BR) for the various benchmark models. The resulting exclusion limits on the �⇥BR, assuming
the 125 GeV Higgs boson SM gluon-fusion production cross section �SM = 44.13 pb [40] and removing
the Type2–Type2, are shown in Figure 10 as a function of the �d mean lifetime (expressed as c⌧) for the
Higgs! 2�d + X and Higgs! 4�d + X models. The expected limit is shown as the dashed curve and
the solid curve shows the observed limit. The horizontal lines correspond to �⇥BR for two values of the
BR of the Higgs boson decay to dark photons. The same exclusion limits for the 800 GeV heavy scalar
are shown in Figure 11; the horizontal line defines a 95% CL exclusion limit for the �d lifetime assuming
a �⇥BR of 5 pb for the heavy scalar decay to two or four �d. Table 7 shows the ranges in which the �d
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lifetime (c⌧) is excluded at the 95% CL for the mH = 125 GeV Higgs! 2�d + X and Higgs! 4�d + X ,
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assuming a BR of 10%, with Type2–Type2 events removed. It also shows the 95% CL c⌧ exclusion ranges
for the mH = 800 GeV, assuming a 5 pb production cross section and a 100% BR to �d.

FRVZ model mH (GeV) Excluded c⌧ [mm]
Higgs! 2�d + X 125 2.2  c⌧  111.3
Higgs! 4�d + X 800 3.8  c⌧  163.0
Higgs! 2�d + X 125 0.6  c⌧  63
Higgs! 4�d + X 800 0.8  c⌧  186

Table 7: Ranges of �d lifetime (c⌧) excluded at 95% CL for Higgs! 2�d + X and Higgs! 4�d + X , assuming
for the 125 GeV Higgs a 10% BR and the Higgs boson SM gluon fusion production cross section, and for the 800
GeV Higgs-like scalar a � ⇥ BR = 5 pb. Type2–Type2 events are excluded.
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Figure 11: The 95% upper limits on the �⇥BR for the FRVZ 800 GeV Higgs! 2�d + X benchmark model as a
function of the �d lifetime (c⌧). The horizontal lines correspond to a �⇥BR of 5 pb.

9 Conclusions

The ATLAS detector at the LHC is used to search for the production of displaced LJs in a 3.4 fb�1 sample
of
p

s = 13 TeV pp collisions. Starting from a generic and model-independent definition of displaced
LJs produced from the decay of long-lived neutral particles, a set of selection criteria capable of isolating
their signature from the SM and cosmic-ray backgrounds are defined. No significant signal-like behaviour
is found, and the observed data in the signal region after applying the full set of selection criteria are
consistent with the background expectations within the uncertainties. The results of the search are used
to set upper limits on non-SM Higgs boson decays to LJs in two benchmark models, where one predicts
Higgs ! 2�d + X and the other Higgs ! 4�d + X , with a �d mass of 0.4 GeV. Limits are set on the
�⇥BR for these benchmark models at mH = 125 and 800 GeV as a function of the �d mean lifetime.
Assuming the SM gluon fusion production cross section for a 125 GeV Higgs boson, its BR to dark
photons is found to be below 10%, at 95% CL, for dark photon c⌧ in the range 2.2 mm  c⌧  111.3 mm
for the Higgs! 2�d+ X model and in the range 3.8 mm  c⌧  163 mm for the Higgs! 4�d+ X model.
While the data sample is less than one-fifth the size of that employed in the similar

p
s = 8 TeV search

19

Lepton-jets: Results
• Background estimation in agreement with observation
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• This talk shows the 2015 dataset results
• dLJ analysis ongoing with 2015+2016 dataset

• Several improvements:
• updated triggers for the muon channel (Trigger is still one of the main difficulties, 
especially for low pt)

• ML techniques to identify dLJ
• plans to include other production modes
• search for mono-LJ + X

• search for same models in the prompt LJ version ongoing

Lepton-jets: Plans
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19Other searches for dark photons
- Search for Z+Long-lived dark photon 
decaying in the calorimeter

- ongoing for 2015+2016 dataset
- first time done in ATLAS
- will be published soon

- prompt ZdZd -> 4 leptons
- considers models similar to the non-
collimated muons search

- see talk by Diallo
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Other searches for dark sectors
• Heavy boson in the dark sector decaying to pair of (long-lived) scalars, eventually 
decaying to SM fermions

• Several versions of the search depending on where the LLP decays in ATLAS
• Decays in the MS: 2 MS vtx, 1 MS vtx + MET, 1 MS vtx + 2jets 

• Decays in the calorimeter: 
2 low EMF jets • Combined decays: 

1MS vtx, 1ID vtx

• Emerging jets (dark QCD) : 
2 QCD jets + n ID vtx
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displaced lepton jets 
results shown here

‣ Lacking any evidence for New Physics in any of the searches finalized so far, unconventional 
signatures are gaining in popularity

‣ ATLAS has a complete program to search for long-lived particles in many different signatures
‣ Wide variety of searches
‣ Very challenging, pushing the detector for searches it was not designed to perform
‣ Many analysis working on improvements with the full 13 TeV dataset

‣ No discovery so far but…

‣ 2017+2018 datasets to be studied yet!

‣ Most analyses developing new techniques for better 
identification

‣ Looking forward to seeing first significant deviations 
from the SM predictions!!
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Initial 2018 calibration

non-collimated muons 
results shown here
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Backup
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Model Signature
∫
L dt [fb−1] Lifetime limit Reference

S
U

S
Y

H
ig

g
s

B
R

=
1

0
%

S
ca

la
r

O
th

e
r

RPV χ01 → eeν/eµν/µµν displaced lepton pair 20.3 1504.051627-740 mmχ
0
1

lifetime m(g̃)= 1.3 TeV, m(χ01)= 1.0 TeV

GGM χ01 → ZG̃ displaced vtx + jets 20.3 1504.051626-480 mmχ
0
1

lifetime m(g̃)= 1.1 TeV, m(χ01)= 1.0 TeV

GGM χ01 → ZG̃ displaced dimuon 32.9 CERN-EP-2018-1730.029-18.0 mχ
0
1

lifetime m(g̃)= 1.1 TeV, m(χ01)= 1.0 TeV

GMSB non-pointing or delayed γ 20.3 1409.55420.08-5.4 mχ
0
1

lifetime SPS8 with Λ= 200 TeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 20.3 1310.36750.22-3.0 mχ

±
1

lifetime m(χ±1 )= 450 GeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 disappearing track 36.1 1712.021180.057-1.53 mχ

±
1

lifetime m(χ±1 )= 450 GeV

AMSB pp → χ±1χ
0
1,χ

+
1 χ
−
1 large pixel dE/dx 18.4 1506.053321.31-9.0 mχ

±
1

lifetime m(χ±1 )= 450 GeV

Stealth SUSY 2 ID/MS vertices 19.5 1504.036340.12-90.6 mS̃ lifetime m(g̃)= 500 GeV

Split SUSY large pixel dE/dx 36.1 CERN-EP-2018-198> 0.9 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

Split SUSY displaced vtx + Emiss
T 32.8 1710.049010.03-13.2 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

Split SUSY 0 ℓ, 2 − 6 jets +Emiss
T 36.1 ATLAS-CONF-2018-0030.0-2.1 mg̃ lifetime m(g̃)= 1.8 TeV, m(χ01)= 100 GeV

H → s s 2 low-EMF trackless jets 20.3 1501.040200.41-7.57 ms lifetime m(s)= 25 GeV

H → s s 2 ID/MS vertices 19.5 1504.036340.31-25.4 ms lifetime m(s)= 25 GeV

FRVZ H → 2γd + X 2 e−,µ−jets 20.3 1511.055420-3 mmγd lifetime m(γd )= 400 MeV

FRVZ H → 2γd + X 2 e−, µ−,π−jets 3.4 ATLAS-CONF-2016-0420.022-1.113 mγd lifetime m(γd )= 400 MeV

FRVZ H → 4γd + X 2 e−, µ−,π−jets 3.4 ATLAS-CONF-2016-0420.038-1.63 mγd lifetime m(γd )= 400 MeV

H → ZdZd displaced dimuon 32.9 CERN-EP-2018-1730.009-24.0 mZd lifetime m(Zd )= 40 GeV

VH with H → ss → bbbb 1 − 2ℓ + multi-b-jets 36.1 1806.073550-3 mms lifetime B(H → ss)= 1, m(s)= 60 GeV

Φ(300 GeV)→ s s 2 low-EMF trackless jets 20.3 1501.040200.29-7.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(300 GeV)→ s s 2 ID/MS vertices 19.5 1504.036340.19-31.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(600 GeV)→ s s 2 low-EMF trackless jets 3.2 ATLAS-CONF-2016-1030.09-2.7 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(900 GeV)→ s s 2 low-EMF trackless jets 20.3 1501.040200.15-4.1 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(900 GeV)→ s s 2 ID/MS vertices 19.5 1504.036340.11-18.3 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

Φ(1 TeV)→ s s 2 low-EMF trackless jets 3.2 ATLAS-CONF-2016-1030.78-16.0 ms lifetime σ × B= 1 pb, m(s)= 400 GeV

HV Z ′(1 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.036340.1-4.9 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

HV Z ′(2 TeV)→ qvqv 2 ID/MS vertices 20.3 1504.036340.1-10.1 ms lifetime σ × B= 1 pb, m(s)= 50 GeV

cτ [m]0.01 0.1 1 10 100

√
s = 8 TeV

√
s = 13 TeV

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 36.1) fb−1

√
s = 8, 13 TeV

*Only a selection of the available lifetime limits on new states is shown. (γβ = 1)

Summary plots 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/
EXOTICS/ATLAS_Exotics_LLP_Summary/ATLAS_Exotics_LLP_Summary.pdf

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_LLP_Summary/ATLAS_Exotics_LLP_Summary.pdf
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‣ All ATLAS public results:
‣ ATLAS: https:/twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome 

‣ EXOTICS specific results:
‣ ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults

‣ SUSY specific results:
‣ ATLAS: https:/twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults 

http://twiki.cern.ch
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https:/twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

