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Introduction

! Many theories which predict existence of 
Ôlong-livedÕ particles. "

! Will cover two existing  ATLAS 8 TeV results"

! Long-lived, weakly interacting particles 
decaying to hadronic jets "

! Phys. Rev. D 92, 012010 (2015)"

! Pair produced, long-lived neutral particles 
decaying to hadronic jets "

! Physics Letters B 743 (2015) 15-34 "

! One NEW ATLAS 13 TeV result:"

! Search for long-lived neutral particles decaying 
into "lepton-jets" with the ATLAS detector in 
proton-proton collision data at sqrt(s) = 13 TeV "

!  ATLAS-CONF-2016-042"

! See AntonioÕs poster for more details:"

! 8 Aug 2016, 18:30, Riverwalk A/B
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http://arxiv.org/abs/1504.03634
http://arxiv.org/abs/1501.04020


Hadronic jets



Physics models - hadronic jets

! ÔHidden valleyÕ refers to a general class of models in which a hidden sector (v-sector) is added to SM"

! v-particles donÕt couple directly to SM, so need communicator particles: "

! Depending on coupling, this can lead to long lifetimes for the lightest v-particles"

! One beneÞt of having a large detector, is we have the ability to look for them!
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Stealth Susy  

R-parity conserving SUSY models, 
which do not have large missing ET."

This model: add a HS (stealth) singlet 
superÞeld S at the EW scale, which 
has super-partner singlino. Singlino 
decays to singlet and low mass 
gravitino



Reconstructing displaced jets

! Triggering  -  most standard triggers are linked to primary vertex, and are so very 
ine%cient. Instead several specialised triggers are used by the various searches, 
including:"

! Calo-Ratio trigger  : looks for >1 narrow jet with relatively little energy deposited in the 
EM calorimeter, and no charged tracks pointing towards to jet"

! Muon-RoI-Cluster trigger  : looks for decays of neutral particles in the MS.
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Reconstructing muon vertices

! The spatial separation between the two multilayers inside a 
single MDT chamber provides a powerful tool for pattern 
recognition. "

! Generates ÔtrackletsÕ inside a single chamber."

! Specialised algorithm reconstructs straight line segments in 
multilayers, then matches segments using two parameters"

! ! b - minimum distance between segments at centre of 
chamber"

! ! !  - angle between segments (can measure momenta for 

low pT muons)
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ÒStandalone vertex Þnding in the 
ATLAS muon spectrometerÓ

JINST 9, P02001 (2014),
arXiv:1311.7070.

EfÞciency for reconstructing a vertex for 
! v decays in the barrel muon 
spectrometer as a function of the radial 
decay position of the !v for ! v decays 
that satisfy the Muon RoI Cluster trigger 

Calo Middle station



Results

! No signiÞcant excess observed with 20.3 
fb-1 of pp collisions"

! Limits set on $ v proper decay lengths for 
di&erent $v masses:"

! (See paper for limits set for di&erent " 
masses)
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Observed 95% CL limits on #  /#SM for mH = 126 GeV as a 
function of the $ v proper decay length: the solid line is for 
m$ v = 10 GeV, the short-dashed line is for m$ v = 25 GeV, 
the long-dashed line is for m$ v = 40 GeV. The #SM is taken 
to be 19.0 pb. The horizontal solid line corresponds to BR = 

30% and the horizontal dashed line to BR = 10%.

Physics Letters B 743 (2015) 15-34 
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Fig. 4: Number of events expected to pass the analysis selection in 20.3 fb! 1 as
a function of the! v proper decay length for (a) three low-mass datasets and (b)
three high-mass datasets. 100% branching ratios for! hs " ! v! v are assumed.

Table 3: Summary of expected number of signal events, expected background
present in the data sample, and the observed number of events in 20.3 fb! 1.
The global acceptance is also given. The error on the signal samples is statis-
tical only, the error on the expected background is statistical# systematic. All
results are normalised for a proper decay length of the! v of 1.5 m. A 100%
branching ratio for! hs " ! v! v is assumed.

Sample Expected Global
(mH, m! v [GeV ]) yields acceptance (%)

126, 10 536± 23 0.139± 0.006
126, 25 941± 44 0.244± 0.011
126, 40 365± 31 0.095± 0.008

Sample Expected Global
(mH, m! v [GeV ]) yields acceptance (%)

100, 10 440± 29 0.073± 0.005
100, 25 424± 37 0.070± 0.006
140, 10 525± 20 0.168± 0.006
140, 20 900± 37 0.287± 0.012
140, 40 641± 30 0.205± 0.010
300, 50 444± 11 0.609± 0.015
600, 50 35± 1 0.330± 0.010
600, 150 41± 2 0.386± 0.015
900, 50 3.5± 0.1 0.304± 0.011
900, 150 4.6± 0.2 0.397± 0.016

Background Expected events

SM Multi-jets 23.2± 8.0
Cosmic rays 0.3± 0.2
Total Expected Background 23.5± 8.0

Data 24
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Fig. 5: Observed 95% CL limits on" / " SM for mH = 126 GeV as a function of
the! v proper decay length: the solid line is form! v = 10 GeV, the short-dashed
line is for m! v = 25 GeV, the long-dashed line is form! v = 40 GeV. The" SM
is taken to be 19.0 pb. The horizontal solid line corresponds to BR = 30% and
the horizontal dashed line to BR = 10%.
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present in the data sample, and the observed number of events in 20.3 fb! 1.
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results are normalised for a proper decay length of the! v of 1.5 m. A 100%
branching ratio for! hs " ! v! v is assumed.
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Fig. 5: Observed 95% CL limits on" / " SM for mH = 126 GeV as a function of
the! v proper decay length: the solid line is form! v = 10 GeV, the short-dashed
line is for m! v = 25 GeV, the long-dashed line is form! v = 40 GeV. The" SM
is taken to be 19.0 pb. The horizontal solid line corresponds to BR = 30% and
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Results

! No signiÞcant excess observed with 
19.5 fb-1 (Muon RoI cluster trigger - see 
below) and 20.3 fb-1 (Jet + missing ET 
trigger)"

! Limits set on $ v proper decay lengths"

! (See paper for limits set for di&erent " 
and gluino masses)

8

Phys. Rev. D 92, 012010 (2015)
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of events with a fake ID vertex given the jets present in
each event. The expected number of events obtained is
(5.5± 1.4) ! 10! 4.

To estimate the number of background 2MSVx events,
the number of events passing event selection with an MS
vertex, N JE miss

T tr , is multiplied by the probability of Þnd-
ing a fake MS vertex in a random event,P vx

noMStr . The
prediction for this topology is (0.0+1 .4

! 0.0) ! 10! 5 events.
Table IX summarizes the number of expected events

from background sources. The uncertainties quoted in
the table are statistical uncertainties; systematic uncer-
tainties are negligible.

TABLE IX. Number of events predicted for di! erent final-
state topologies.

Trigger Topology Predicted

Jet+E miss
T 2IDVx (1.8 ± 0.4) ! 10! 4

Jet+E miss
T IDVx+MSVx (5.5 ± 1.4) ! 10! 4

Jet+E miss
T 2MSVx (0.0 + 1 .4

! 0.0) ! 10! 5

Muon RoI Cluster IDVx+MSVx 2.0 ± 0.4
Muon RoI Cluster 2MSVx 0.4 + 0 .3

! 0.2

X. RESULTS

A. Expected number of signal events

The number of expected signal events is extrapolated
from the generated lifetime to the range of proper life-
times (c! ) between 0 and 100 m using 2 million MC sim-
ulated events per benchmark sample. The overall prob-
ability of each event satisfying the selection criteria is
evaluated from the e! ciencies of reconstructing an event
that passes the Muon RoI Cluster or Jet+Emiss

T trigger
and the e! ciencies of reconstructing an ID or MS vertex
from an LLP decay. Other important criteria, such as the
timing acceptance window for the barrel trigger, are also
taken into account. Table X shows the expected num-
ber of signal events for Higgs boson decays, at a proper
lifetime of 2 m.

The Z"extrapolation procedure has an additional com-
plication due to the presence of many" v decays per event.
This leads to a maximum discrepancy of 15% between the
reconstructed and predicted trigger e! ciencies calculated
from the simulated MC samples. This 15% discrepancy
is applied in the extrapolation process as a systematic
uncertainty on the trigger e! ciency.

B. Limits

After applying all selection criteria, two events are
found in the Muon Cluster channel 2MSVx topology.
No events are observed in the Muon Cluster channel
IDVx+MSVx topology. In the Jet+ Emiss

T channel, zero
events are observed in each of the three topologies:
2IDVx, IDVx+MSV, and 2MSVx. The numbers of

TABLE X. Expected number of signal events at 19.5! 1 fb for
the scalar boson benchmark model with mH = 125 GeV and
BR(H " ! v ! v ) = 100%, at a ! v proper lifetime of c" = 2 m.
The SM Higgs boson cross-section for gluon-fusion produc-
tion, #SM = 18.97 pb [47], is used to compute numbers of
signal events. Also shown are the numbers of expected back-
ground and observed events. Uncertainties on expected signal
events are statistical only.

Topology
m! v

[GeV]
Expected events Observed

eventsSignal Background

IDVx+MSVx
10 1.9± 1.4

2.0± 0.4 025 62± 8
40 41± 6

2 MSVx
10 234± 15

0.4 + 0 .3
! 0.2 225 690± 26

40 313± 18

events found are compatible with the predicted numbers
of background events. TheCLs method [48] is used to
derive upper limits on the production cross-section times
branching ratio (# ! BR). For the scalar boson bench-
mark samples, BR represents the branching ratio for
$ " " v " v , while for the Z"benchmark samples BR rep-
resents the branching ratio forZ" " qv øqv . The branch-
ing ratio for " v decay to fermion pairs is assumed to be
100%. For the Stealth SUSY benchmarks, BR represents
the branching ratio for ÷g " ÷Sg. The branching ratios
for ÷S " S ÷G and S " gg are both assumed to be 100%
in the Stealth SUSY model considered in this analysis.
For the Higgs boson benchmarks, upper limits are set
on # ! BR/#SM, where #SM is the SM Higgs production
cross-section, 18.97 pb [47].

A proÞle likelihood function [49] is used as the test
statistic and a frequentist calculator is used to generate
toy data. The likelihood includes a Poisson probabil-
ity term describing the total number of observed events.
Systematic uncertainties are incorporated as nuisance pa-
rameters through their e" ect on the mean of the Poisson
functions and through convolution with their assumed
Gaussian distributions. The number of expected events
in signal MC samples, together with the expected back-
ground, the observed collision events and all the system-
atic uncertainties are provided as input for computing
the CLs value, which represents the probability for the
given observation to be compatible with the signal-plus-
background hypothesis.

Observed 95% CL upper limits are shown in Fig.10.
Because the SM production cross-section is known for
the mH = 125 GeV benchmark samples, excluded life-
time ranges are presented. TableXI shows the excluded
regions for branching ratios of 30%, 15%, 5%, and 1% for
the Higgs boson decaying to long-lived particles.

Expected signal for scalar boson model 
mH=125 GeV and c"=2m

http://arxiv.org/abs/1504.03634


Lepton-jets



Physics models - Lepton-jets

! Signature models are Falkowsky-Ruderman-Volansky-Zupan (FRVZ) where Higgs 
boson decays to pairs of hidden fermions:"

! Photons typically produced with large boost "

! collimated jet-like structures containing pairs of muons/electrons and/or pions "

! Òlepton-jetsÓ"

! Limited granularity of detectors makes resolving constituents challengingÉ
10

In the Þrst benchmark model, the dark fermion 
decays to a "d and a lighter dark fermion f d1 , 

HLSP (Hidden Lightest Stable Particle). 

In the second model, the dark fermion fd2 decays to an 

HLSP and a dark scalar sd1 that in turn decays to pairs 

of dark photons. 



Lepton-jets

! Search for long-lived neutral particles decaying into displaced lepton-jets in proton--
proton collisions at ' s = 13 TeV with the ATLAS detector  (2015 data)"

! ATLAS-CONF-2016-042"

! Integrated luminosity for search is 3.57 fb -1"

! However despite lower integrated luminosity, sensitivity is comparable to 2012 dataset at 
8 TeV, due to:"

! Improvements in trigger sensitivity and reconstruction e%ciency for close-by muons"

! Higher cross section for Higgs production at 13 TeV

11

NEW

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
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Lepton jet reconstruction

! At detector level, LJs categorised according to content:"

! Muonic LJs reconstructed by ÔclusteringÕ all muon tracks within the cone, seeded 
from highest-p T muon track."

! Acceptance * E%ciency vs (
transverse decay distance:
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NEW

only muons muons and jet only jets
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Results - Lepton-jets

! No excess -> so set limits (excluding Type2-Type2 channel, which has low e%ciency 
and high background):

13

NEW

Category Observed events Expected background

All events 285 231 ± 12 (stat) ± 62 (syst)
Type2ÐType2 excluded 46 31.8 ± 3.8 (stat) ± 8.6 (syst)

Type2ÐType2 only 239 241 ± 41(stat) ± 65(syst)

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



Conclusion

! Presented two 8 TeV analyses for long-lived particles decaying to hadronic jets"

! Phys. Rev. D 92, 012010 (2015) and Physics Letters B 743 (2015) 15-34"

! Presented 13 TeV results for Displaced lepton-jets "

! ATLAS-CONF-2016-042"

! Thank you very much for your time and attention.
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Backup



! Pair produced, long-lived neutral particles decaying to hadronic jets "

! Physics Letters B 743 (2015) 15-34 "

! ÒCalo-ratioÓ

http://arxiv.org/abs/1501.04020


Calo ratio - data and samples

! Data : 20.3 fb-1 taken in 2012"

! MC

17

pseudorapidity1 (! ) region|! | < 2.5. It consists of three dif-
ferent tracking detectors. From small radii outwards, these are
a silicon pixel detector, a silicon microstrip tracker (SCT) and a
transition radiation tracker (TRT).

The calorimeter provides coverage over the range|! | < 4.9.
It consists of a lead/liquid-argon electromagnetic calorimeter
(ECal) at smaller radii surrounded by a hadronic calorimeter
(HCal) at larger radii comprising a steel and scintillator-tile
system in the barrel region (|! | < 1.7) and a liquid-argon sys-
tem with copper absorbers in the endcaps (1.5 < |! | < 3.2).
The ECal spans the range 1.5 m < r < 2.0 m in the barrel
and 3.6 m < |z| < 4.25 m in the endcaps. The HCal covers
2.25 m< r < 4.25 m in the barrel and 4.3 m < |z| < 6.05 m
in the endcaps. There is also a forward calorimeter (FCal),
with coverage between 3.1 < |! | < 4.9, which uses copper ab-
sorbers in the Þrst layer, and tungsten absorbers in the second
and third layers, and liquid-argon as the active medium in all
layers. Muon identiÞcation and momentum measurement are
provided by the MS, which extends to|! | = 2.7. It consists
of a three-layer system of gas-Þlled precision-tracking cham-
bers. The region|! | < 2.4 is also covered by separate trigger
chambers.

A sequential three-level trigger system selects events to be
recorded for ofßine analysis. The Þrst level consists of custom
hardware that implements selection on jets, electrons, photons,
" leptons, muons, and missing transverse momentum or large
total transverse energy. The second and third levels add charged
particle track Þnding and reÞne the Þrst-level selections with
progressively more detailed algorithms.

3. Data and simulation samples

All data used in this analysis were collected during the 2012
LHC proton-proton run at a centre-of-mass energy of 8 TeV.
After data quality requirements are applied, the sample corre-
sponds to an integrated luminosity of 20.3 fb! 1. The HV Monte
Carlo (MC) samples are generated with PYTHIA 8.165 [16]
and the PDF MSTW2008 [17] to simulate gluon fusiongg" !
production and the! hs decay! hs " #v#v for different ! and
#v masses (Table 1).! masses below 300 GeV are consid-
ered low-mass samples and the rest are considered high-mass
samples. The#v lifetime is Þxed in each sample to ensure de-
cays throughout the ATLAS detector. The! is simulated in
PYTHIA by replacing the Higgs boson with the! and having
the ! decay to#v 100% of the time. The! samples are pro-
duced with cross sections calculated at next-to-next-to-leading-
logarithmic accuracy in QCD processes and at next-to-leading-
order in electro-weak processes assuming the! at each mass
has the same properties as the SM Higgs boson [18]. After
generation the events are passed through a detailed simulation

1ATLAS uses a right-handed coordinate system with its origin at the nom-
inal interaction point (IP) in the centre of the detector and thez-axis along the
beam pipe. Thex-axis points from the IP 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 deÞned in terms of the polar angle%as! = ! ln tan(%/ 2).

of the detector response with GEANT4 [19, 20] and the same
reconstruction algorithms as are used on the data. GEANT4
needed no modiÞcation to simulate the signal as all decay parti-
cles are SM particles. All MC samples are reweighted to repro-
duce the number of interactions per bunch crossing observed in
the data.

Table 1: The ! mass or Higgs boson mass,! gluon fusion production cross
section, and#v mass of each benchmark Hidden Valley model generated. The
cross-sections are based on the assumption in the benchmarked model that the
! boson production mechanism is the same as the Higgs boson production
mechanism. The decay branching ratios of the#v as a function of the#v mass
are listed in the second table as determined in the simulation samples.

mH & #v Mass
[GeV ] [pb] [GeV ]

126 19.0 10, 25, 40

! Mass & #v Mass
[GeV ] [pb] [GeV ]

100 29.7 10, 25
140 15.4 10, 20, 40
300 3.59 50
600 0.52 50, 150
900 0.06 50, 150

#v Mass BR bb BR " + " ! BR cc
[GeV ] [%] [%] [%]

10 70.0 16.4 13.4
20 86.3 8.0 5.6
25 86.6 8.1 5.3
40 86.5 8.5 5.0
50 86.2 8.8 4.9
150 84.8 10.2 4.8

4. Trigger and event selection

Candidate events are collected using a dedicated trigger,
called theCalRatio trigger [21], which looks speciÞcally for
long-lived neutral particles that decay near the outer radius of
the ECal or within the HCal. The trigger is tuned to look for
events containing at least one narrow jet with little energy de-
posited in the ECal and no charged tracks pointing towards
the jet. At the Þrst level the trigger selects only narrow jets
by requiring at least 40 GeV of transverse energy (ET) in the
calorimeter in a 0.2# 0.2 (" ! # " $) region using topological
jets [15, 22], in contrast to the default algorithm in which the
energy in a 0.4# 0.4 region is summed. The 40 GeVET thresh-
old requirement is fully efÞcient at an ofßine jetET of 60 GeV.
To select jets with a high fraction of their energy in the HCal
the second level of the trigger requires these narrow jets to have
log10(EH/ EEM) > 1.2, whereEH/ EEM is the ratio of the energy
deposited in the HCal (EH) to the energy deposited in the ECal
(EEM). The trigger also requires no tracks withpT > 1 GeV in
the region 0.2# 0.2 (" ! # " $) around the jet axis. The third

2

The HV Monte Carlo (MC) samples are 
generated with PYTHIA 8.165 [16] and the 
PDF MSTW2008 [17] to simulate gluon 
fusion gg !  # production and the #hs decay 
# hs !  ! v! v for different # and !v masses 
(Table 1). # masses below 300 GeV are 
consid- ered low-mass samples and the rest 
are considered high-mass samples. The !v 
lifetime is Þxed in each sample to ensure de- 
cays throughout the ATLAS detector. The # is 
simulated in PYTHIA by replacing the Higgs 
boson with the # and having the # decay to 
! v 100% of the time. 



Calo ratio - trigger

! looks for >1 narrow jet with relatively little energy deposited in the EM calorimeter, 
and no charged tracks pointing towards to jet
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The trigger is tuned to look for events containing at least one narrow jet with 
little energy deposited in the ECal and no charged tracks pointing towards the 
jet. 

At the Þrst level the trigger selects only narrow jets by requiring at least 40 
GeV of transverse energy (ET) in the calorimeter in a 0.2 $ 0.2 (%& $ %' ) 
region using topological jets [15, 22], in contrast to the default algorithm in 
which the energy in a 0.4 $ 0.4 region is summed. 

The 40 GeV ET threshold requirement is fully efÞcient at an ofßine jet ET of 
60 GeV. To select jets with a high fraction of their energy in the HCal the 
second level of the trigger requires these narrow jets to have log10(EH/EEM) 
> 1.2, where EH/EEM is the ratio of the energy deposited in the HCal (EH) 
to the energy deposited in the ECal (EEM). The trigger also requires no 
tracks with pT > 1 GeV in the region 0.2 $ 0.2 (%& $ %' ) around the jet axis. 
The third 

level of the trigger uses the slower but more accurate anti-kt al-
gorithm [23] withR= 0.4 to reconstruct the jet and requires the
jet to have a minimum of 35 GeV of transverse energy.

The probability (! " v ) for a single" v to Þre the trigger in sim-
ulated events is shown in Fig. 1, for the (a) barrel and (b) end-
cap region of the calorimeter in several different signal samples.
The average probability for the low (high) scalar boson masses
is about 20% (55%) for" v decays occurring at radii between
2.0 m and 3.5 m in the barrel, and about 6% (30%) for" v de-
cays with|z| between 4.0 m and 5.5 m in the endcaps. The
turn-on takes place before the inner edge of the HCAL as the
log10(EH/ EEM) cut allows for a small amount of energy in the
ECal. The probability decreases towards the outer region of the
HCal where too much of the energy escapes the HCal to pass
the jetET requirement. The efÞciency is lower in the endcaps
because events tend to not satisfy the isolation criteria due to
the increased occupancy from extra collision events in the same
bunch crossing as a hard-scatter interaction (pile-up).
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Fig. 1: The probability (! " v ) for a single" v to pass the trigger as a function of
the " v (a) radial decay length in the barrel and (b) thez position of the decay
vertex in the endcaps for several! and" v masses.

Events also contain a reconstructed primary vertex with at
least three tracks withpT > 1 GeV. Events are rejected if any
reconstructed jets show evidence of being caused by a beam-
halo interaction [21]. A missing transverse momentum require-
ment,Emiss

T < 50 GeV, is applied to reject non-collision events,
such as cosmic rays or beam-halo interactions.

In the ofßine selection, jets are reconstructed with an anti-kt
algorithm withR= 0.4, starting from calorimeter energy clus-
ters calibrated using the local cluster weighting method [24].
Jets are then calibrated using an energy- and#-dependent
simulation-based calibration scheme. Jets are rejected if they
do not satisfy the standard ATLAS good-jet criteria with the
exception of requirements that reject jets with small electro-
magnetic energy fraction (EMF) [25]. At least one jet must
have Þred the CalRatio trigger. The jet matching the trigger
must pass anET > 60 GeV requirement while a second jet must
satisfy anET > 40 GeV requirement. If more than one jet Þred
the CalRatio trigger then only the leading jet is required to have
ET > 60 GeV.

Individually, all jets must satisfy |# | < 2.5, have
log10(EH/ EEM) > 1.2, and have no good tracks in the ID with
pT > 1 GeV in a region" R < 0.22 centred on the jet axis. A
good track must have at least two hits in the pixel detector
and a total of at least nine hits in the pixel and SCT detectors.
Fig. 2(a) compares the distribution of the number of good tracks
associated with each jet in the multi-jet sample (described in the
next section) with that in jets resulting from simulated" v de-
cays in the HCAL or ID. Fig. 2(b) makes the same comparison
for the distribution of log10(EH/ EEM) of each jet. The multi-jet
data was gathered using a prescaled, single-jet trigger with a 15
GeV requirement.

Jets caused by cosmic rays and beam-halo interactions are
often out-of-time. The jet timing is calculated by making an
energy-weighted average of the timing for each cell in the jet.
Each cell is deÞned to have a time of 0 ns if its energy is
recorded at a time consistent with the arrival of a$ = 1 par-
ticle from the IP. The timing of each jet is required to satisfy
! 1 < t < 5 ns. This cut will impact the efÞciency for low$
" v. Due to the requirement of a high-ET jet in this analysis the
$-distribution is peaked near 1 for low mass! samples. For
the high mass! samples the difference betweenm! andm" v

results in a large boost for the" v at the generated lifetimes. As
a result, the inefÞciency introduced by the timing cut is at worst
1.5% for the considered samples.

The analysis requires that exactly two jets satisfy these re-
quirements. The second jet requirement signiÞcantly reduces
the SM multi-jet background contribution. Table 3 lists the Þ-
nal number of expected events in each signal MC sample. The
Þnal number of events selected in data is 24.

5. Background estimation

The largest contribution to the expected background comes
from SM multi-jet events. Cosmic-ray interactions contribute

2" R=
!

(" # )2 + ( " %)2

3



Calo ratio - backgrounds

! The largest contribution to the expected background comes from SM multi-jet events. "

! Cosmics rays much less, and beam halo negligible"

! To estimate the multi-jet background contribution, a multi- jet data sample is used to derive 
the probability that a jet passes the trigger and analysis selection "

! The multi-jet data sample contains events that pass single-jet triggers with an ET threshold 
of 15 GeV or higher. "

! Require >2 back to back jets "

! 1 jet must pass the modiÞed ATLAS good-jet criteria used by the analysis. "

!  2nd used to measure two probabilities: "

!  P, for a jet to pass the trigger and the ET > 60 GeV jet requirement"

! Q, for a jet to satisfy the requirement ET > 40 GeV. "

! For both P and Q the jet must also pass the log10(EH/EEM), track isolation, and all other analysis jet 
selection requirements including the modiÞed ATLAS good-jet criteria. 
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Calo ratio - backgrounds (2)

! Cosmic ray:"

! Particles from a cosmic-ray shower may pass through and deposit energy in the 
calorimeter without passing through the ID. These energy deposits can be reconstructed 
as trackless jets. "

! Reduce with jet-timing and Etmiss requirements"

! Study with empty BC"

! BIB"

! beam-halo muon that undergoes bremsstrahlung in the HCal. "

! A jet-timing requirement is imposed because most of the jets pro- duced by beam-halo 
interactions are not coincident in time with jets from pp interactions. In addition, events 
are rejected when track segments in the endcap muon chambers, from the entering 
beam-halo muon, align in ) with a jet. These two requirements reduce the background 
considerably with no discernible e&ect on the signal "
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Calo ratio - systematic uncertainties

! The uncertainty on the signal MC samples due to 
parton distribution functions (PDF) is calculated by 
reweighting each event using three di&erent PDF sets 
(MSTW2008nlo68cl [17], CT10 [27], and NNPDF2.3 
[28]) and their associated error sets. The RMS 
change in acceptance for the error sets of each PDF 
is calculated and combined with the di&erence in 
acceptances for each of the three PDFs. "

! Pile-up primarily a&ects the acceptance by adding 
extra tracks and degrading the track isolation of a jet. 
All MC samples are reweighted to reproduce the 
observed distribution of the number of interactions 
per bunch crossing in the data. To determine if pile-
up is simulated properly in the MC samples, a direct 
comparison of data and MC multi-jet samples is per- 
formed. The jet ET, EMF, *, ), associated tracks and 
timing distributions as a function of the mean 
number of pile-up in- teractions are compared in 
data and MC simulation. A 10% systematic 
uncertainty is assigned to the acceptance covers all 
the observed di&erences. "
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data and MC events, and the resulting differences in acceptance
from the nominal acceptance, for each requirement, are added
in quadrature to determine the systematic uncertainty.

The simulation of initial state radiation (ISR) cannot be di-
rectly veriÞed because it is difÞcult to uniquely identify ISR
jets in data [30]. An incorrect ISR rate in the simulation im-
pacts the acceptance by altering the number of jets in the event
and by altering the boost of the! boson. Each of these is stud-
ied independently. The ISR jet population is altered event by
event so that the number of ISR jets is halved or doubled (jets
in MC samples are labelled as containing ISR if they contain a
gluon withpT > 2 GeV). The population of! v jets is not altered
by this process, but an added ISR jet may overlap with one of
the! v jets. The effect of a boost caused by an ISR jet is studied
by exploiting the correlation between the! v jet ET and the!
boost. From Ref. [30], the! pT spectrum has an uncertainty of
5%, which directly correlates with a 5% uncertainty in the! v
jet energy. To calculate the systematic uncertainty associated
with the boost, thepT of ISR jets is conservatively varied by
5% and the change in acceptance is observed.

The changes in acceptance from both sources of ISR uncer-
tainty are taken as correlated systematic errors and added to get
the total systematic for ISR simulation.

An incorrect simulation of Þnal state radiation (FSR) has a
negligible effect on the analysisÕ acceptance. FSR can occur
in a prompt or displaced jet. But even if displaced, the extra
jet cannot degrade track isolation or deposit extra energy in the
ECal if the! v has decayed in the HCal.

7. Results and exclusion limits

The global acceptance of the selected event topology in the
signal MC samples is a function ofm! , m! v and the proper de-
cay length of the! v. At a proper decay length of 1.5 m the
acceptance ranges from 0.07% to 0.61%. The main efÞciency
loss is due to the low probability that both! v decay inside the
calorimeter. High mass samples suffer further efÞciency loss
due to theEmiss

T requirement. Table 3 lists the expected num-
ber of events from all signal MC samples and the background
expectation in 20.3 fb! 1. The mH = 126 GeV mass samples
use the SM Higgs boson cross-sections of" SM = 19.0 pb for
the gluon fusion process: other production modes are ignored.
The number of events observed in data, 24, is also shown for
comparison. No excess of events is observed since the expected
background is 23.5± 8.0. TheCLs method [31] is used to derive
an upper limit on the" (! )" BR(! # ! v! v). A proÞle likeli-
hood ratio is used as the test statistic and a frequentest calculator
is used to generate toy data. The likelihood includes a Poisson
probability term describing the total number of observed events.
Systematic uncertainties are incorporated as nuisance parame-
ters through their effect on the mean of the Poisson functions
and through convolution with their assumed Gaussian distribu-
tions. The number of expected events in signal MC samples, to-
gether with the estimate of expected background, the observed
collision events and all the systematic uncertainties are pro-
vided as input for computing theCLs value, which represents

Table 2: Summary of systematic uncertainties for the! and Higgs boson pro-
duction cross-section, jet energy scale, trigger, missing transverse momentum,
and the requirement on jet timing as a percentage of the signal yield. Systematic
errors that have common values across samples are not listed (pile-up at 10%,
ISR at+ 2.9

! 1.2%, and PDF at 2.1%). The last column reports the total systematic
uncertainty (including the luminosity and common systematic errors).

Sample H " JES Trigger Emiss
T Time Total

mH, m! v [%] [%] [%] [%] Cut [%]
[GeV ] [%]

126, 10 + 10.4
! 10.4

+ 2.2
! 2.7 ± 1.1 + 5.5

! 2.4
+ 1.6
! 6.6

+ 16.4
! 16.7

126, 25 + 10.4
! 10.4

+ 1.5
! 1.6 ± 1.3 + 3.1

! 1.8
+ 0.8
! 3.3

+ 15.6
! 15.5

126, 40 + 10.4
! 10.4

+ 2.6
! 6.2 ± 1.1 + 7.7

! 4.6
+ 1.9
! 5.9

+ 18.2
! 16.9

Sample ! " JES Trigger Emiss
T Time Total

m! , m! v [%] [%] [%] [%] Cut [%]
[GeV ] [%]

100, 10 + 11.1
! 10.6

+ 2.3
! 4.0 ± 0.1 + 4.6

! 3.4
+ 2.7
! 9.5

+ 16.7
! 18.5

100, 25 + 11.1
! 10.6

+ 5.5
! 3.7 ± 1.2 + 3.4

! 2.5
+ 1.7
! 0.7

+ 17.0
! 15.8

140, 10 + 10.1
! 10.3

+ 0.6
! 1.1 ± 0.5 + 4.0

! 5.6
+ 1.9
! 6.6

+ 15.6
! 17.2

140, 20 + 10.1
! 10.3

+ 1.2
! 1.6 ± 1.0 + 4.0

! 3.9
+ 0.4
! 5.0

+ 15.5
! 16.2

140, 40 + 10.1
! 10.3

+ 1.3
! 1.6 ± 1.5 + 6.3

! 4.6
+ 1.8
! 2.4

+ 16.5
! 15.8

300, 50 + 9.6
! 10.0

+ 0.1
! 0.3 ± 0.3 + 9.0

! 7.4
+ 0.5
! 3.0

+ 13.9
! 13.3

600, 50 + 11.2
! 10.1

+ 0.0
! 0.1 ± 0.2 + 11.7

! 11.3
+ 2.2
! 4.4

+ 17.0
! 16.2

600, 150 + 11.2
! 10.1

+ 0.2
! 0.2 ± 0.3 + 11.5

! 10.2
+ 2.7
! 5.3

+ 17.5
! 15.1

900, 50 + 12.8
! 11.5

+ 0.0
! 0.1 ± 0.1 + 12.6

! 9.7
+ 1.0
! 3.7

+ 18.5
! 15.9

900, 150 + 12.8
! 11.5

+ 0.2
! 0.3 ± 0.2 + 11.8

! 10.9
+ 0.9
! 2.5

+ 18.1
! 16.3

the probability for the given observation to be compatible with
the signal + background hypothesis.

The acceptance is a function of the! mass, the! v mass and
! v proper decay length. To extrapolate to the number of ex-
pected events at different proper decay lengths, a large sample
of ! v decays is generated in a range from 0 to 50 m and an ef-
Þciency map as a function of! v boost is used to determine the
efÞciency at each decay length. The resulting efÞciencies are
then converted into the Þnal number of expected events shown
in Fig. 4. Finally, Fig. 5 and Fig. 6 show the observed limit dis-
tribution for the three 126 GeV Higgs samples and for the other
! samples respectively. The derived 95% conÞdence level (CL)
excluded ranges of proper decay length are listed in Table 4 for
themH = 126 GeV samples, under the alternative assumptions
of a 30% BR or a 10% BR forH # ! v! v.
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Calo - results and limits

! CLs method used to derive an upper limit on the 
+(#),BR(# % $v$v). "

! A proÞle likelihood ratio is used as the test 
statistic and a frequentest calculator is used to 
generate toy data. "

! The likelihood includes a Poisson probability 
term describing the total number of observed 
events. Systematic uncertainties are 
incorporated as nuisance parameters through 
their e&ect on the mean of the Poisson functions 
and through convolution with their assumed 
Gaussian distributions. The number of expected 
events in signal MC samples, together with the 
estimate of expected background, the observed 
collision events and all the systematic 
uncertainties are provided as input for 
computing the CLs value, which represents the 
probability for the given observation to be 
compatible with the signal + background 
hypothesis. 
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Fig. 4: Number of events expected to pass the analysis selection in 20.3 fb! 1 as
a function of the! v proper decay length for (a) three low-mass datasets and (b)
three high-mass datasets. 100% branching ratios for! hs " ! v! v are assumed.

Table 3: Summary of expected number of signal events, expected background
present in the data sample, and the observed number of events in 20.3 fb! 1.
The global acceptance is also given. The error on the signal samples is statis-
tical only, the error on the expected background is statistical# systematic. All
results are normalised for a proper decay length of the! v of 1.5 m. A 100%
branching ratio for! hs " ! v! v is assumed.

Sample Expected Global
(mH, m! v [GeV ]) yields acceptance (%)

126, 10 536± 23 0.139± 0.006
126, 25 941± 44 0.244± 0.011
126, 40 365± 31 0.095± 0.008

Sample Expected Global
(mH, m! v [GeV ]) yields acceptance (%)

100, 10 440± 29 0.073± 0.005
100, 25 424± 37 0.070± 0.006
140, 10 525± 20 0.168± 0.006
140, 20 900± 37 0.287± 0.012
140, 40 641± 30 0.205± 0.010
300, 50 444± 11 0.609± 0.015
600, 50 35± 1 0.330± 0.010
600, 150 41± 2 0.386± 0.015
900, 50 3.5± 0.1 0.304± 0.011
900, 150 4.6± 0.2 0.397± 0.016

Background Expected events

SM Multi-jets 23.2± 8.0
Cosmic rays 0.3± 0.2
Total Expected Background 23.5± 8.0

Data 24
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is taken to be 19.0 pb. The horizontal solid line corresponds to BR = 30% and
the horizontal dashed line to BR = 10%.
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Vertex - intro

! Long-lived, weakly interacting particles decaying to hadronic jets "

! Phys. Rev. D 92, 012010 (2015)"

! ÒMS/ID vertexingÓ

23
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Search for long-lived, weakly interacting particles that
decay to displaced hadronic jets in protonÐproton collisions

at
!

s = 8 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

A search for the decay of neutral, weakly interacting, long-lived particles using data collected
by the ATLAS detector at the LHC is presented. This analysis uses the full dataset recorded in
2012: 20.3 fb! 1 of protonÐproton collision data at

!
s = 8 TeV. The search employs techniques for

reconstructing decay vertices of long-lived particles decaying to jets in the inner tracking detector
and muon spectrometer. Signal events require at least two reconstructed vertices. No signiÞcant
excess of events over the expected background is found, and limits as a function of proper lifetime
are reported for the decay of the Higgs boson and other scalar bosons to long-lived particles and
for Hidden Valley Z "and Stealth SUSY benchmark models. The Þrst search results for displaced
decays inZ "and Stealth SUSY models are presented. The upper bounds of the excluded proper
lifetimes are the most stringent to date.

c" 2015 CERN for the beneÞt of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as speciÞed in the CC-BY-3.0 license.
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Vertex - analysis strat

! Hadronic decays that are displaced from the IP leave a unique detector signature 
that can be reconstructed as a displaced vertex. This analysis searches for events 
with two displaced vertices in either the ID or MS, or one in each. "

! This analysis studies two separate channels, deÞned by the triggers used to select 
events. "

! ATLAS Muon RoI Cluster trigger is used to preselect events that satisfy displaced-decay 
criteria in the MS. The search for both the scalar boson and Stealth SUSY models makes 
use of events selected by the Muon RoI Cluster trigger. The sample of events selected by 
this trigger belongs to the Muon Cluster channel. "

! A jet plus E miss trigger : The large multiplicity of long-lived particles in the  Z-benchmark 
samples causes many events to fail to satisfy the isolation criteria of the Muon RoI Cluster 
trigger, but also provides other objects on which to trigger. "

! To reduce backgrounds, two vertices req.

24

4

The large multiplicity of long-lived particles in the
Z !benchmark samples causes many events to fail to sat-
isfy the isolation criteria of the Muon RoI Cluster trigger,
but also provides other objects on which to trigger. The
large number of long-lived particles per event results in
a higher probability for at least one of the particles to
decay su�ciently promptly to generate a jet and another
to decay with a su�ciently large radius to contribute to
missing transverse momentum. The negative vector sum
of the momenta in the plane transverse to the beam line
of all particles detected in a pp collision is called miss-
ing transverse momentum, E miss

T , and its magnitude is
denoted by E miss

T [28, 29].
A jet plus E miss

T trigger is thus used for selecting events
from the Z !model. It allows for the inclusion of events
with displaced decays in the ID but none in the MS.
These events belong to the Jet+E miss

T channel.
In scalar boson and Stealth SUSY events the two dis-

placed decays are in an approximately back-to-back con-
Þguration and thus events do not have highE miss

T . Addi-
tionally, unless one of the LLPs decays in the ID, scalar
boson benchmark sample events would not contain a suf-
Þciently high energy jet to satisfy the jet pT requirement
of the Jet+ E miss

T trigger.
To reconstruct the vertex of a displaced decay, the

analysis uses two separate reconstruction algorithms: one
for inner detector vertices (described in Sec.VII ) and one
for muon spectrometer vertices [30]. In order to reduce
backgrounds, an event is considered as a signal candidate
only if two displaced decays are reconstructed. This se-
lection results in the following event topologies: two ID
vertices (2IDVx), two MS vertices (2MSVx) and one ver-
tex in the MS and one in the ID (IDVx+MSVx). The
analysis is structured in a way that makes it sensitive to
many models with displaced decays. Although events are
required to have two reconstructed vertices, other recon-
structed objects may be present. The topologies appli-
cable and models analysed for each analysis channel are
summarized in Table I.

TABLE I. The topologies considered in the analysis and the
corresponding triggers and benchmark models.

Trigger Applicable topologies Benchmarks
Muon RoI

IDVx+MSVx, 2MSVx
Scalar boson,

Cluster Stealth SUSY

Jet+ E miss
T 2IDVx, IDVx+MSVx, 2MSVx Z !

IV. DESCRIPTION OF BENCHMARK MODELS

A. Hidden Valley

Hidden Valley (HV) scenarios [4Ð6] are a general class
of models in which a hidden sector (v-sector) is added
to the SM. All of the SM particles are neutral under

the v-sector gauge group, and the v-sector particles (v-
particles) are neutral under the SM gauge group. Be-
cause the v-particles do not couple directly to the SM,
decays of v-particles to SM particles must occur via com-
municator particles. Depending on the masses of the
communicators and their couplings, this can result in
long lifetimes for the lightest v-particles. Two communi-
cators are considered, giving rise to di↵erent signatures
in the detector.

The Þrst scenario, shown in Fig.1(a), predicts a scalar
boson ! mixing with a hidden-sector scalar boson! hs.
The hidden sector contains the communicator,! hs, and
a v-isospin triplet of " v particles. The ! hs decays to
a pair of these " v particles, which then decay back to
SM particles, again via ! hsÐ! mixing. Because of the
Yukawa coupling, each" v decays predominantly to heavy
fermions, bb, cc, and #+ #" in the ratio 85:5:8, provided
m! v < 2mtop . The branching ratio for ! decaying into
a pair of hidden sector particles is not constrained in
these models. It is therefore interesting to focus both on
Higgs boson decays to long-lived particles, where! is the
SM Higgs boson, and on other! mass regions previously
unexplored for decays to long-lived particles.

The second scenario involves a massive communica-
tor ( Z !) produced by quarkÐantiquark annihilation and
decaying into the hidden sector viaZ ! ! qv øqv . The v-
quarks hadronize into showers of" v particles. For the
particular mass benchmarks used in this analysis, the
" 0

v decays promptly, while the " ±
v lifetime is a free pa-

rameter. The ± and 0 superscripts for the" v indicate
a charge under the v-sector gauge group, v-isospin, and
not electric charge. This process is shown in Fig.1(b).

B. Stealth SUSY

Stealth SUSY models [7, 8] are a class of R-
parity-conserving SUSY models that do not have large
E miss

T signatures. While this can be accomplished in many
di↵erent ways, this search explores a model that involves
adding a hidden-sector (stealth) singlet superÞeldS at
the electroweak scale, which has a superpartner singlino
÷S. By weakly coupling the hidden sector to the MSSM,
the mass splitting betweenS and ÷S ($M ) is small, assum-
ing low-scale SUSY breaking. High-scale SUSY break-
ing also can be consistent with small mass splitting and
Stealth SUSY, although this requires a more complex
model and is not considered in this search [8].

The SUSY decay chain ends with the singlino decaying
to a singlet plus a low-mass gravitino ÷G, where the grav-
itino carries o↵ very little energy and the singlet promptly
decays to two gluons. The e↵ective decay processes are
÷g ! ÷Sg (prompt), ÷S ! S ÷G (not prompt), and S ! gg
(prompt). This scenario results in one prompt gluon and
two displaced gluon jets per gluino decay. Since R-parity
is conserved, each event necessarily produces two gluinos,
resulting in two displaced vertices. A Feynman diagram
of this process is shown in Fig.1(c).
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FIG. 1. Diagrams of the benchmark models studied in this analysis: (a) the Higgs boson or scalar boson model, (b) the
Hidden Valley Z !model, and (c) the Stealth SUSY model. The long-lived particles in these processes are represented by double
lines and labeled (a) ! v , (b) ! ±

v , and (c) ÷S. The gravitino, ÷G, has very low mass and does not carry away a substantial amount
of energy.

The decay width (and, consequently, the life-
time) of the singlino is determined by both the
mass splitting ! M and the SUSY-breaking scale

!
F :

! ÷S ! S ÷G " m ÷S(! M )4/ " F 2 [7]. The SUSY-breaking
scale

!
F is not a Þxed parameter, and thus the singlino

has the possibility of traveling an appreciable distance
through the detector, leading to a signiÞcantly displaced
vertex.

V. DATA AND SIMULATION SAMPLES

The dataset used in this analysis was recorded by the
ATLAS detector in the 2012 run during periods in which
all subdetectors relevant to the analysis were operating
e" ciently. The integrated luminosity is 20.3 fb" 1. The
Muon Cluster channel uses only 19.5 fb" 1 of data because
the trigger was not active at the beginning of the run.
The uncertainty on the integrated luminosity, estimated
following the methodology described in Ref. [31], is 2.8%.

Monte Carlo (MC) simulation samples are produced
for scalar boson, Z #, and Stealth SUSY models. The
masses are chosen to span the accessible parameter space,
and the proper lifetime values are chosen to maximize the
distribution of decays throughout the ATLAS detector
volume. The masses for each sample are listed in Ta-
ble II . Approximately 400,000 events are generated for
each sample.

For the scalar boson model, the MC simulation events
are generated withPythia8 [32]. The Z #events are sim-
ulated in a two-step process. An external generator,
HVMC, is used to simulate Z #production and decay to
hidden-sector particles [33]. The decay of" v to SM par-
ticles and their subsequent decays, as well as the shower-
ing and hadronization of SM partons, are simulated us-
ing Pythia8 . Stealth SUSY events are generated with
MadGraph5 [34], and Pythia8 is used for hadroniza-
tion. The parameterization used for the proton parton
distribution function (PDF) for the scalar boson and
Z #simulations is MSTW2008 [35], while CTEQ 6L1 [36]

is used for Stealth SUSY.

TABLE II. Mass parameters for the simulated scalar boson,
Z !and Stealth SUSY models.

Scalar boson mass [GeV] ! v mass [GeV]
100 10, 25
125 10, 25, 40
140 10, 20, 40
300 50
600 50, 150
900 50, 150

Z !mass [TeV] ! v mass [GeV]

1 50
2 50
2 120

÷g mass [GeV] ÷S, S mass [GeV]

110 100, 90
250 100, 90
500 100, 90
800 100, 90
1200 100, 90

For all simulated samples, the propagation of particles
through the ATLAS detector is modeled with Geant4
[37] using the full ATLAS detector simulation [ 38] for
all the simulated samples. In addition, each MC sample
is overlaid with zero-bias data events that are selected
from bunch crossings corresponding to one full revolu-
tion around the LHC after a high-pT interaction. This
overlaid data sample correctly represents all sources of
detector background such as cavern background (a gas
of thermal neutrons and photons Þlling the ATLAS cav-
ern during ATLAS operation), beam halo, cosmic rays
and electronic noise. It also correctly reproduces pileup
interactions (multiple interactions per bunch crossing).

The analysis employs data-driven techniques to esti-
mate the backgrounds. Two separate samples from data
are used: multijet and minimum-bias [39] events. The
ATLAS minimum bias trigger selects events with activ-
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the trigger was not active at the beginning of the run.
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following the methodology described in Ref. [31], is 2.8%.
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masses are chosen to span the accessible parameter space,
and the proper lifetime values are chosen to maximize the
distribution of decays throughout the ATLAS detector
volume. The masses for each sample are listed in Ta-
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are generated withPythia8 [32]. The Z #events are sim-
ulated in a two-step process. An external generator,
HVMC, is used to simulate Z #production and decay to
hidden-sector particles [33]. The decay of" v to SM par-
ticles and their subsequent decays, as well as the shower-
ing and hadronization of SM partons, are simulated us-
ing Pythia8 . Stealth SUSY events are generated with
MadGraph5 [34], and Pythia8 is used for hadroniza-
tion. The parameterization used for the proton parton
distribution function (PDF) for the scalar boson and
Z #simulations is MSTW2008 [35], while CTEQ 6L1 [36]

is used for Stealth SUSY.

TABLE II. Mass parameters for the simulated scalar boson,
Z !and Stealth SUSY models.

Scalar boson mass [GeV] ! v mass [GeV]
100 10, 25
125 10, 25, 40
140 10, 20, 40
300 50
600 50, 150
900 50, 150

Z !mass [TeV] ! v mass [GeV]

1 50
2 50
2 120

÷g mass [GeV] ÷S, S mass [GeV]

110 100, 90
250 100, 90
500 100, 90
800 100, 90
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For all simulated samples, the propagation of particles
through the ATLAS detector is modeled with Geant4
[37] using the full ATLAS detector simulation [ 38] for
all the simulated samples. In addition, each MC sample
is overlaid with zero-bias data events that are selected
from bunch crossings corresponding to one full revolu-
tion around the LHC after a high-pT interaction. This
overlaid data sample correctly represents all sources of
detector background such as cavern background (a gas
of thermal neutrons and photons Þlling the ATLAS cav-
ern during ATLAS operation), beam halo, cosmic rays
and electronic noise. It also correctly reproduces pileup
interactions (multiple interactions per bunch crossing).

The analysis employs data-driven techniques to esti-
mate the backgrounds. Two separate samples from data
are used: multijet and minimum-bias [39] events. The
ATLAS minimum bias trigger selects events with activ-
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ity in the range 2.1 < |! | < 3.8 and 360! in " . Multijet
events are selected using a set of single-jet triggers with
various transverse energy thresholds. Simulated multijet
samples are employed for characterizing displaced ver-
tices when the multijet data sample is statistically lim-
ited. These are generated withPythia8 and the CT10
PDF set [40].

VI. TRIGGER

A. Muon RoI Cluster trigger

The Muon RoI Cluster trigger is a signature-driven
trigger that selects decays of neutral particles in the MS.
It is used to select candidate events for the scalar boson
and Stealth SUSY searches, and is e! cient for hadronic
decays occurring in the region from the outer radius
of the HCal to the middle of the MS. The trigger se-
lects events with a cluster of muon RoIs contained in a
" R = 0 .4 cone that are preceded by little or no activ-
ity in the ID or calorimeters. This isolation requirement
reduces backgrounds from muon bremsstrahlung and
punch-through jets. A punch-through jet is a hadronic or
electromagnetic shower not contained in the calorimeter
volume, which results in tracks in the MS. The details
of the performance and implementation of this trigger on
both a set of MC simulated benchmark samples and data
can be found in Ref. [27].

The trigger e! ciency, deÞned as the fraction of long-
lived particles selected by the trigger as a function
of the long-lived particle decay position, is shown in
Figs. 2 and 3 for three MC simulated benchmark sam-
ples. The uncertainties shown are statistical only. The
relative di#erences in e! ciencies are a result of the dif-
ferent kinematics between benchmark samples.
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B. Jet+ E miss
T trigger

A single-jet plus E miss
T trigger is employed for the

Z "search. The trigger uses a leading jetET threshold of
110 GeV and anE miss

T threshold of 75 GeV. O$ ine re-
quirements are a leading jetpT ! 120 GeVandE miss

T !
200 GeV, which result in a constant trigger e! ciency as
a function of both pT and E miss

T . For events passing the
o$ ine requirements, the trigger e! ciency is 87Ð100%, de-
pending on the MC simulated Z "benchmark sample.

VII. PHYSICS OBJECTS AND DISPLACED
VERTEX RECONSTRUCTION

Hadronic jets, E miss
T , and displaced vertices are used

in this search.
The anti-kt jet algorithm [ 41] with a radius param-

eter of 0.4 is used to reconstruct jets from topological
clusters, which are three-dimensional clusters of neigh-
boring energy deposits in the calorimeter cells. A cali-
bration procedure is used in which the raw energy mea-
surements from these clusters are corrected to the jet
energy scale [42]. Identifying displaced long-lived parti-
cle decays in the ATLAS detector critically depends on
the ability to reliably reconstruct displaced vertices. In
the ATLAS MS, the standalone MS vertex reconstruction
algorithm [30] is used to reconstruct displaced vertices.
Displaced vertices in the ID are reconstructed using a
modiÞed version of the algorithm used for reconstructing
primary vertices [43].
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in this search.
The anti-kt jet algorithm [ 41] with a radius param-

eter of 0.4 is used to reconstruct jets from topological
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The anti-kt jet algorithm [ 41] with a radius param-
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clusters, which are three-dimensional clusters of neigh-
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bration procedure is used in which the raw energy mea-
surements from these clusters are corrected to the jet
energy scale [42]. Identifying displaced long-lived parti-
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Displaced vertices in the ID are reconstructed using a
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B. Jet+ E miss
T trigger

A single-jet plus Emiss
T trigger is employed for the

Z"search. The trigger uses a leading jetET threshold of
110 GeV and anEmiss

T threshold of 75 GeV. O✏ine re-
quirements are a leading jetpT ! 120 GeVandEmiss

T !
200 GeV, which result in a constant trigger e�ciency as
a function of both pT and Emiss

T . For events passing the
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Hadronic jets, Emiss
T , and displaced vertices are used

in this search.
The anti-kt jet algorithm [ 41] with a radius param-

eter of 0.4 is used to reconstruct jets from topological
clusters, which are three-dimensional clusters of neigh-
boring energy deposits in the calorimeter cells. A cali-
bration procedure is used in which the raw energy mea-
surements from these clusters are corrected to the jet
energy scale [42]. Identifying displaced long-lived parti-
cle decays in the ATLAS detector critically depends on
the ability to reliably reconstruct displaced vertices. In
the ATLAS MS, the standalone MS vertex reconstruction
algorithm [30] is used to reconstruct displaced vertices.
Displaced vertices in the ID are reconstructed using a
modiÞed version of the algorithm used for reconstructing
primary vertices [43].
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LJ - triggers

! 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 large associated signal e%ciency losses in the case where the muons are produced 
close together. "

! 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 0 seed uses a narrower calorimeter region than the L1 jet seed. Decays of 
1d in the HCAL tend to produce narrow jets. The trigger requires the jet to have |*| 2 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 2 0.2 from the jet axis) 
and BIB tagging are performed to reject fake jets from beam-halo muons.
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LJ - backgrounds

! 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. (

30

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 deÞned as the minimum distance
in the z-coordinate of the non-combined muon track to the primary interaction vertex. The primary
interaction vertex is deÞned to be the vertex whose constituent tracks have the largest! p2

T. Figure3 (left)
shows the|z0| distributions for muonic LJ constituents in empty bunch-crossings (cosmic-ray muons) of
the 2015 data taking, and in themH = 125GeV 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| " 280mm 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 themH = 125GeV 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, deÞned as the energy-weighted mean time di! erence between the bunch-crossing time
and the time of the energy deposition in the calorimeter cells. Figure3 (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 widthW, deÞned as the average distance of a jet
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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%. 

A selection requirement |z0| ≤ 280 mm is used; in this way only 5% of the signal in the Higgs !  4γd + X sample is lost while eliminating 96% of the cosmic-ray 
background 



LJ - backgrounds (2)

! Multijet production constitutes the main background to the Type2 LJ signal. The search 
explicitly targets 1d 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, deÞned as the average 
distance of a jet constituent to the jet direction weighted with the energy of the 
constituent "

! Beam-induced background (BIB), consisting of high energy beam-halo muons 
undergoing hard bremsstrahlung in the calorimeters, is another sub-dominant source of 
background for Type2 LJs. The bremsstrahlung manifests itself as a calorimeter deposit 
that is reconstructed as a jet; if it occurs in the HCAL, the fake jet is reconstructed with a 
very low EM fraction. BIB ÒtaggingÓ searches for two track segments parallel to the 
beam line in the forward MDT chambers, together with a low EM fraction HCAL jet, all 
within 4 degrees in ). Such an HCAL jet is tagged as BIB and removed from the data 
set. 
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5.6 Additional backgrounds

Apart from the backgrounds described in the previous sections, other potential backgrounds to our signal
include all the processes which lead to real prompt muons and muons plus jets in the Þnal state such as
the SM processesW+jets,Z+jets,tøt, single-top,WW, WZ, andZZ. However, the main contribution to the
background is expected from processes giving a high production rate of secondary muons which do not
point to the primary vertex, such as decays in ßight ofK/ ! and heavy ßavour decays in multijet processes,
or muons due to cosmic-ray. ATLAS MC for these processes are used, and the generated MC events are
processed through the full ATLAS simulation and reconstruction chain. The selection for LJ events is
run on all the above MC, using a simulation of the same triggers used to collect data. After the previous
described cuts, the events surviving are mainly Type1ÐType1 and Type0ÐType1, these events are fully
removed by applying the additional cut on the muons of the LJ to be non-combined (Òno-CBÓ).

5.7 Summary of preselection requirements

A summary of the LJ signal selection requirements is given in Table3.

LJ type Selection requirement Requirement description

Type 0/1 z0 limits an impact parameter|z0| < 280mm for both muons of the LJ

Type 1/2 jet timing ! tCalo remove jets outside the± 4 ns time window

Type2 tile-gap scint. max energy in tile-gap scintillators! 10% of the jet energy

Type2 EM fraction EM fraction of the jet< 0.1

Type2 jet width W < 0.058

Type2 JVT JVT variable! 0.56

Type2 BIB use BIB tagging to remove fake jets from beam-halo muons

Type 0/1 no-CB all muons of the LJ to be non-combined (Òno-CBÓ)

Table 3: LJ signal selection requirements.

6 Completion of the event selection

Two LJ objects passing the complete list of selection criteria in Table3 are required in the event, and two
additional requirements are then imposed at event level: ID track isolation, and! " between the two LJs.
Displaced LJs are expected to be well isolated in the ID. Therefore the multijet background can be
signiÞcantly reduced by requiring track isolation around the LJ direction in the ID. The track ID isolation
" pID

T is deÞned as the sum of the transverse momenta of the tracks withpT > 500 MeV, reconstructed in
the ID and matched to the primary vertex of the event, inside a cone of size! R= 0.5 around the direction
of the LJ. Matching to the primary vertex helps reduce the dependence of" pID

T on the pile-up events.
The" pID

T for the LJs from the benchmark models is very similar to that for muons fromZ " µµ decays,
and there is no signiÞcant di! erence in the behaviour of" pID

T between the di! erent LJ types; hence the
behaviour of" pID

T in Z " µµ is employed to study the behaviour of" pID
T in the benchmark models. In

order to verify that theZ " µµ MC models the" pID
T accurately, the" pID

T in this MC is compared to

10



LJ - background estimation

! In order to extract the signal yield, taking into account the multijet and the cosmic-
ray background residual contaminations, a data-driven likelihood-based ABCD 
method is used. This is a simultaneous data-driven background estimation and 
signal hypothesis test in the signal and control regions, robust against control 
regions with small number of events. "

33

Systematic uncertainty Value

Luminosity 2.1%

Trigger: Narrow Scan 6.0%

Trigger: Tri-muon-MS-only 5.8%

Trigger: CalRatio 11.0%

Reconstruction e! ciency of single! d 15.0%

E" ect of pile-up on! pID
T 5.1%

Reconstruction of thepT of the! d 10.0%

Table 4: Summary of systematic uncertainties on the expected number of signal events.

8.2 Final data-driven background estimation

In order to extract the signal yield, taking into account the multijet and the cosmic-ray background residual
contaminations, a data-driven likelihood-based ABCD method is used. This is a simultaneous data-driven
background estimation and signal hypothesis test in the signal and control regions, robust against control
regions with small number of events. The method is also used to Þnd optimised values for the selection
requirements deÞning the signal region. The analysis was blinded, with unoptimised approximate values
employed for the selection requirements deÞning the signal region, until the method was completely
validated in the control regions. The two variables,Max! pT and |" " |LJ, are used to deÞne the ABCD
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Figure 8: Schematic of the ABCD method in the (|" " |LJ, Max! pT) plane with the deÞnition of the ABCD regions.

regions as shown in Figure8. These two variables are highly uncorrelated, with a correlation factor of
2% in data (evaluated after application of all the selection criteria in Table3.) The selection requirements
optimization method is run with the di" erent benchmark models, with very similar results in all cases for
the requirement values. The two lines in the Figure correspond to the result of the optimization deÞning
the signal region A:Max! pT ! 4.5 GeV and |" " |LJ " 0.628 rad. These values deÞne the Þnal set of
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10% BR of the 125 GeV Higgs boson to the dark sector, the expected number of signal events following
the application of all selection requirements to the two models with 2 and 4! d are shown in Table6. The
number of events is normalized to that expected in 3.4 fb! 1 total integrated luminosity. After all selections,
the expected signal is 113± 2 events for the 2! d and 96± 2 events for the 4! d models respectively.
For the 800 GeV heavy-scalar case and assuming a 100% BR of the heavy scalar to the dark sector, the
expected number of signal events for the two models are shown also in Table6. The number of expected
events in 3.4 fb! 1 is calculated, using a reference cross section" = 1.0 pb to allow easy rescaling to any
other cross section.

Category mH = 125GeV mH = 125GeV mH = 800GeV mH = 800GeV

Higgs" 2! d + X Higgs" 4! d + X Higgs" 2! d + X Higgs" 4! d + X

All events 113± 2 96± 2 53.0± 0.6 112± 1

Type2ÐType2 excluded 111± 2 96± 2 43.0± 0.5 109± 1

Type2ÐType2 2.0± 0.5 0.34± 0.10 10.0± 0.3 3.2± 0.2

Table 6: Expected number of LJ pairs after the full set of selection criteria for each FRVZ-model sample in 3.4 fb! 1.

8.3 Limits

In the absence of a signal, the results of the search for LJ production with the likelihood-based ABCD
method are used to set upper limits on the product of cross section and Higgs decay branching fraction
to LJs, as a function of the! d mean lifetime, in the FRVZ models. Taking into account the relatively
low signal e! ciency for the Type2ÐType2 event in all models and the high background, the Type2ÐType2
events are excluded from the limit setting. TheCLsmethod [58] is used to determine these limits, where
the signal region is populated from the data-driven background estimate and from the appropriate signal
hypothesis.
In order to determine these limits as a function of the! d lifetime the following procedure is used. The
acceptance times e! ciency with the selection criteria described above for the! d is evaluated as a function
of the decay positionLxy (barrel) orLz (endcap) and as a function of thepT of the! d in the MC simulated
FRVZ samples with lifetime c# = 47 mm. A large number of MC pseudo experiments with di" erent c#
(ranging from 0.5 to 5000 mm) for the Higgs" 2! d + X model are produced. For each! d of the pseudo
experiments, thepT and the$ are extracted from the signal MC events at truth level, and the decay length
from an exponential distribution with the proper decay length c# of the pseudo experiment; in this way the
! d decay point in the detector is obtained. Using a matrix (constructed using the signal MC) describing the
e! ciency for reconstructing a! d of a givenpT and c#, each event is weighted by the detection probability
of its dark photons. The number of selected events in each pseudo experiment are then rescaled by the
ratio of the integrated detection e! ciency at a given c#, %(c#), to the e! ciency for the reference sample,
%(47 mm). This procedure is repeated separately for the Higgs" 4! d + X benchmark model. Figure9
shows, for the Higgs" 2! d + X model, the ratio%(c#)/ %(47 mm) as a function of c#. The solid black
diamonds in the Figure show the relative e! ciency found using full simulation Monte Carlo samples with
c# = 4.7 mm, 20 mm, 47 mm, and 470 mm, indicating a good agreement with the pseudo experiment
process.
These numbers, together with the expected number of background events (multijets and cosmic rays),
are used as input to obtain limits at the 95% conÞdence level (CL) on the cross section times branching
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the e! ciency-Þnding 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 Type2ÐType2, are shown in Figure10 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 Figure11; the horizontal line deÞnes 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. Table7 shows the ranges in which the" d
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values of the BR of the Higgs boson decay to dark photons.

lifetime (c! ) is excluded at the 95% CL for themH = 125GeV Higgs! 2" d + X and Higgs! 4" d + X,
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assuming a BR of 10%, with Type2ÐType2 events removed. It also shows the 95% CL c! exclusion ranges
for themH = 800GeV, 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. Type2ÐType2 events are excluded.
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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

%
s = 13 TeV pp collisions. Starting from a generic and model-independent deÞnition 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 deÞned. No signiÞcant 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 atmH = 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-Þfth the size of that employed in the similar

%
s = 8 TeV search
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Figure 1. Cross-sectional view of ATLAS in therÐz projection at! = " /2, from ref. [1]. The barrel MDT
chambers are shown in green, the endcap MDT chambers are blue. In the barrel (endcaps), the RPC (TGC)
chambers are shown outlined in black (solid purple).

multiple scattering of charged particles, which makes it an ideal instrument for multi-track vertex
reconstruction. The vertex-reconstruction technique described in this paper was a key element in a
search for a light Higgs boson decaying to long-lived neutral particles [8].

The paper is organized as follows: section 2 describes the muon spectrometer, section 3 dis-
cusses the benchmark model and the Monte Carlo (MC) samples, sections 4 and 5 describe the
tracking and vertex-Þnding algorithms and section 6 discusses the performance of the vertex-
Þnding algorithm.

2 Muon spectrometer

ATLAS is a multi-purpose detector [1], consisting of an inner tracking system (ID), electromagnetic
and hadronic calorimeters and a muon spectrometer. The ID is inserted inside a superconducting
solenoid, which provides a 2 T magnetic Þeld parallel to the beam direction.1 The electromagnetic
and hadronic calorimeters cover the region|# | ! 4.9 and have a total combined thickness of 9.7
interaction lengths at# = 0. The MS, the outermost part of the detector, is designed to measure
the momentum of charged particles escaping the calorimeter in the region|# | ! 2.7 and provide
trigger information for|# | ! 2.4. It consists of one barrel and two endcaps, shown in Þgure1, that
have fast detectors for triggering and precision chambers for track reconstruction. Three stations of
resistive plate chambers (RPCs) and thin gap chambers (TGCs) are used for triggering in the barrel

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of
the detector and thez-axis coinciding with the beam pipe axis. Thex-axis points from the IP to the centre of the LHC
ring, and they-axis points upward. Cylindrical coordinates (r,! ) are used in the transverse plane,! being the azimuthal
angle around the beam pipe. The pseudorapidity is deÞned in terms of the polar angle$ as# = " ln tan($/2).
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