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1 Introduction

Many extensions to the Standard Model (SM) include the production of neutral, weakly-coupled
and long-lived particles that can decay to final states containing several hadronic jets. These
long-lived particles occur in many models such as Gauge Mediated Supersymmetry Breaking
(GSMB) [1], the Minimal Supersymmetric Standard Model (MSSM) with R-parity violation [2],
inelastic dark matter [3] and Hidden Valley (HV) scenarios [4—6]. Such neutral particles with a
potentially long decay path present a trigger and reconstruction challenge for the LHC detectors in
that they have no detector activity connecting them to the primary interaction point (IP). Depend-
ing on the kinematics of the production mechanism and the masses of the parent and long-lived
objects, these events may be displaced in time from the events selected by the standard triggers.
In this paper we discuss the signature-driven triggers developed by the ATLAS Collaboration to
select these events. To evaluate these triggers we use as a benchmark an HV scenario, in which the
SM is weakly coupled, by a heavy communicator particle, to a hidden sector that includes a neutral
pseudoscalar pion, m,. The &, can have a long lifetime resulting in decays far from the IP. One
of these triggers was successfully used for the recently published search for a light Higgs boson
decaying to long-lived neutral particles [7].

Section 2 describes the ATLAS detector and trigger system, section 3 discusses the benchmark
model and the decay signatures, sections 4-6 describe the long-lived neutral particle triggers, sec-
tion 7 presents trigger performance on simulated events and section 8 discusses trigger performance
in the 2012 data-taking period.



2 The ATLAS detector

ATLAS is a multi-purpose detector [8] consisting of an inner tracking system (ID) embedded in a
superconducting solenoid, electromagnetic (ECal) and hadronic (HCal) calorimeters and a muon
spectrometer (MS) with three air-core toroidal magnetic fields. The ID consists of a silicon pixel
detector, a silicon strip detector (semiconductor tracker, SCT) and a straw tube tracker (transition
radiation tracker, TRT) and provides precision tracking of charged particles for | 7 | < 2.5.! The ID
extends from a radius, r, of 0.05m to 1.1 m and in |z| to 3.5 m. The ECal and HCal systems cover
the region || < 4.9 and have a thickness of 9.7 interaction lengths at 7 = 0. In the region || < 3.2
electromagnetic calorimetry is provided by barrel and end-cap high-granularity lead/liquid-argon
(lead/LAr) electromagnetic calorimeters. An additional thin LAr presampler covering || < 1.8 is
used to correct for energy loss in the material upstream of the calorimeters. Hadronic calorimetry
is provided by a steel/scintillator tile calorimeter that is segmented into three barrel structures for
In| < 1.7 and two copper/LAr hadronic end-cap calorimeters that extend the coverage to |n| < 3.2.
The solid angle coverage is completed up to || < 4.9 with forward calorimeter modules optimized
for both electromagnetic and hadronic measurements. The ECal extends from r of 1.5m to 2.0 m in
the barrel and from |z| of 3.6 m to 4.25 m in the end-caps. The HCal covers the region r from 2.25 m
to 4.25m in the barrel and |z| from 4.3 m to 6.05 m in the end-caps. The MS provides trigger and
momentum measurements for charged particles entering the spectrometer. It consists of one barrel
and two end-caps, each with 16 sectors, equipped with fast detectors for triggering and precision
tracking chambers, monitored drift tubes (MDT) and cathode strip chambers (CSC). In the MS
barrel region, tracks are measured in chambers arranged in three cylindrical layers around the beam
axis; in the transition and end-cap regions, the chambers are installed in planes perpendicular to the
beam, also in three layers. An air-core toroidal field allows accurate charged particle reconstruction
independent of the ID information. For triggering, three stations of resistive plate chambers (RPC)
and thin gap chambers (TGC) are used in the MS barrel and end-caps, respectively. The first two
RPC stations are located at a radius of 7 m (large sectors®) and 8 m (small sectors) with a separation
of 0.5 m; the third station is at a radius of 9 m (large sectors) and 10 m (small sectors). In the end-
caps the first TGC station is located at |z| = 13 m and the other two at 14 m with a separation of
0.5m.

The trigger system has three levels [9]. The first level (L.1) is a hardware-based system using
information from the calorimeter and the muon detectors. The second (L.2) and third (Event Filter,
EF) levels are software-based systems using information from all of the ATLAS detectors. To-
gether, L2 and EF are called the High Level Trigger (HLT). The L1 trigger uses information based
on relatively coarse data from the calorimeters and the muon trigger stations. The L1 thresholds
are applied to transverse energy (ET) for calorimeter-based triggers and transverse momentum (pr)
for muon triggers. The L1 trigger identifies Regions of Interest (Rols), which are (1,¢) regions
of the detector associated to a specific physics signature. Rols are widely used in the subsequent

IThe ATLAS reference system is a cartesian right-handed coordinate system, with the nominal collision point at
the origin. The anti-clockwise beam direction defines the positive z-axis, with the x-axis pointing to the centre of the
LHC ring. The angle ¢ defines the direction in the plane (x,y) transverse to the beam. The pseudorapidity is given by
1N = —Intan(60/2), where the polar angle 6 is taken with respect to the positive z direction.

2The barrel chamber system is subdivided into large (between the magnet coils) and small (inside the magnet coils)
sectors.



Table 1. Mass and mean proper lifetime parameters for the simulated benchmark models.

Higgs boson mass [GeV] 7@, mass [GeV] &, mean proper lifetime [m]
100 25 0.125
126 10 0.35
140 20 0.63

trigger levels to reduce the amount of data read from the detector readout buffers while accessing
the full information for the most important part of the event.

The L1 muon trigger logic is implemented in similar ways for both the RPC and TGC systems.
Each of the three planes of the RPC system and the two outermost planes of the TGC system consist
of a doublet of independent detector layers while the first TGC plane contains three detector layers.
A low-pt muon Rol is generated by requiring a coincidence of hits in at least three of the four
layers of the two inner RPC planes for the barrel and of the two outer TGC planes for the end-caps.
A high-pt muon Rol requires additional hits in at least one of the two layers of the outer RPC plane
for the barrel and in two of the three layers of the innermost TGC layer for the end-caps. The muon
Rols have a spatial extent of 0.2 in A1) and A¢ in the MS barrel and 0.1 in the MS end-caps. Only
the two highest-pt Rols per MS sector are used by the HLT.

The L1 calorimeter trigger provides the capability to search for trigger objects such as elec-
trons, photons, T leptons, jets and transverse energy based on information from the calorimeter
elements within projective regions, called trigger towers. The trigger towers have a size of approx-
imately 0.1 in A and A¢ in the central part of the calorimeter, | 1 | < 2.5, and are larger and less
uniform in the more forward region.

3 Benchmark model and decay signature

An HV model with a light Higgs mediator is used to evaluate the ATLAS detector response to
highly displaced decays to hadronic jets. Three different Monte Carlo (MC) simulation samples
are used for this study. In each sample, a Higgs boson is produced via gluon fusion and decays
to a pair of long-lived 7, particles. Because the 7, is a pseudoscalar, it decays predominantly to
heavy fermions, bb, cc and T+ 7~ in the ratio 85:5:8, as a result of the helicity suppression of the
low-mass fermion anti-fermion pairs.’

The parameters used to generate the samples are summarized in table 1. The mean proper
lifetime values are chosen to maximize the number of simulated 7, decays for all of the ATLAS de-
tectors. The masses are chosen to give a range of 3 (speed relative to the speed of light in vacuum)
distributions of the 7, particles in order to study trigger timing and correct bunch crossing iden-
tification. The events are generated at a center-of-mass energy of 8 TeV using Pythia 8.165 [10].
The MSTW 2008 leading order parameterization [11] is used for the parton distribution functions
in the proton. The mean value of (i) used in the simulation is 22 and the distribution follows
the predicted conditions for the 2012 /s = 8 TeV data, which ranged in instantaneous luminosity

3Hidden sector scalars that couple to the SM via their mixings with the Higgs boson have Yukawa interactions with
fermions and anti-fermions and these couplings are proportional to the fermion masses; therefore, these scalars decay in
a similar way to the pseudoscalar 7, particles.
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Figure 1. The probability of a &, to decay in the ID (beyond the second layer of the pixel detector), ECal,
HCal, MS and the whole ATLAS detector as a function of the 7, mean proper lifetime (ct) for | 1 | < 2.5.
The sample with my = 140 GeV and my, = 20 GeV is used.

257!, The quantity u is a measure of the average number of

from approximately 2 to 7 x 1033 cm™
inelastic interactions per bunch crossing and (i), the average value over all proton bunches, gives

the average number of expected proton-proton collisions per event.

Figure 1 shows the probability for a 7, to decay in the barrel and end-caps fiducial regions of
the ATLAS detector as a function of the 7, mean proper lifetime. There is a substantial probability
(greater than 10%) for decays to occur in the ATLAS detector volume for a wide range of mean
proper lifetimes. For example, with a mean proper lifetime of 2 m the total fraction of 7, decays in
the ATLAS detector is 58%, of which 13% are in the ID, 12% are in the ECal, 13% are in the HCal
and 20% are in the MS.

With the exception of the novel triggers described in this paper, the ATLAS triggers were
designed to select physics objects originating at (or near) the IP. Events with long-lived particles
present many challenges for the trigger system: for example, muons from 7, decays do not have
associated tracks in the ID, while jets from 7, decays may have relatively low energy, not have the
usual pattern of energy deposition and arrive later than expected. Typical signatures of 7, decays
to hadronic jets occurring in the ID, HCal and MS are shown in figures 2(a) and 2(b).

In order to improve the trigger efficiency, a set of signature-driven triggers were developed
to select events based on the detector signature of the displaced hadronic jets. Three regions of
the detector are considered: decays beyond the pixel layers to the ECal, decays in the HCal and
decays from the end of the HCal to the MS middle station. For each of these regions a unique decay
signature exists that can be exploited to select events with displaced decays in the region || < 2.5
for which tracking information is available.



ATLAS S@ﬂ:ﬁ,on "““‘“\\\\mll|||lln,,,,"lll‘v S
%%‘o‘ S, *

N
"" &Y
" . $\\'// “ \‘é
Y L)/~ <
Iy \
g

o
I
R

i
b
S,

\\

,__
M
Tk

N /4
= - . /&
“"Q O &
L ——
m AN

\\\\ X
oo

(a) (b)

U

Figure 2. Event displays of two simulated H — 7, 7, events with different 7, decay signatures to hadronic
jets. The sample with mg = 140 GeV and my, = 20GeV is used. The ATLAS detectors are depicted in
different colours: black for the pixel detector and the SCT, light gray for the TRT, green for the ECal, red for
the HCal and again black for the MS. The solenoid and the pre-sampler calorimeter are shown as the black
and green rings between the ID and the ECal. (a) Event display with one 7, decay in the ID (A). The display
focuses on the innermost part of the ATLAS detector. TRT hits clearly indicate the presence of a displaced
decay on the left side of the detector, matching well with the energy deposited in the ECal. (b) Event display
with one 7, decay in the HCal (B) with the signature of little activity in the ID and a jet with all of the
energy deposit in the HCal and a second decay in the MS (C). The RPC hits are displayed as sky-blue dots
and the MDT hits as pink lines. The red arrow indicates the direction of the missing transverse momentum
that correctly points towards the 7, decay in the MS.

4 Decays in the inner detector and electromagnetic calorimeter

A decay topology with two jets characterizes most of the events where both 7w, decays are in
the ECal volume, as shown in figure 3(a). Decays that occur beyond the pixel detector produce
jets that have no tracks reconstructed by the L2 track reconstruction algorithm. This results in
a characteristic signature of a jet isolated with respect to tracks in the ID. A large fraction of
jets originating from 7, decays beyond the pixel detector have no reconstructed tracks with pt >
0.8 GeV in aregion of (0.2 x 0.2) in (A1 x A¢@) centred on the jet axis, as can be seen in figure 3(b).
A jet fulfilling these requirements is defined as a “trackless jet”.

The trackless jet signature provides a powerful handle for identifying jets from displaced de-
cays. Because tracking is not available until the HLT, a different approach is necessary to get a
sustainable L1 output rate while not compromising the signal efficiency. In signal events there is
a ~ 40% probability to produce a muon in the final state. Thus, the multi-jet background can be



T T T o C T 1]
3 UE ATLAS Simulation 3 g Comee ATLAS Simulation 7
3 04 9 8 o05f =
Foosss [ 7 F E
kS 03F - m,=140 GeV, m =20 GeV 3 S 04— m,=140 GeV, m =20 GeV —|
5 O N m, =126 GeV, m ‘=10 GeV J 5 S . m,=126 GeV, m =10 GeV
'§ 0.25? _______ m, =100 GeV, mm=25 GeV é ‘§ 03 } _______ m,=100 GeV, mm=25 GeV {
L 02F = i B ]
0.15F-._. E 02f 3
o | T E - ]
= B 0.1~ —
005~ oo E r ]
obE L L PR SN~ Y = of L ! |

0 2 4 6 8 10 0 2 4 6 8 10
Number of L2 jets Number of L2 tracks

(a) (b)

Figure 3. (a) Number of reconstructed jets at L2 with Er > 25GeV and | 7 | < 2.5 in events where both
7, decays are beyond the pixel detector and before the HCal volume. (b) Number of reconstructed tracks
in the ID at L2 with pr > 0.8 GeV in a (0.2 x 0.2) region in (An x A¢) around the jet axis of a L2 jet with
Et >25GeV and | 1 | < 2.5 in events where both 7, decays are beyond the pixel detector and before the
HCal volume.

significantly reduced by requiring the muon to be contained within the jet cone. In multi-jet events
produced via SM processes, the muon will typically be prompt and thus leave a track in the ID,
while in 7, events the muon is produced close to the m, decay vertex and can be highly displaced
from the IP. Requiring both a jet trigger item and a muon trigger item at L1 is therefore a good
handle for limiting the L1 output rate. The two objects are required to be in the same detector
region at L2 and to be isolated with respect to tracks reconstructed in the ID.

The Trackless Jet trigger implementation requires a muon with pr > 10GeV and a jet with
Et >20GeV at L1. The L2 jet and muon reconstruction algorithms are then employed in the
corresponding Rols to confirm and refine the physics objects identified at L1. Because the particles
from displaced decays do not have reconstructable tracks in the ID, the L2 muon reconstruction
algorithm is restricted to run only in the MS. The criteria at L2 are pt > 10 GeV for the muon and
Et > 25GeV for the jet, where the calorimeter response is calibrated at the electromagnetic (EM)
scale, which is tuned to correctly measure the energy of EM showers. A combinatorial algorithm
performs a geometrical matching in a AR = y/(AnN)?+ (A¢)? = 0.4 region between the muon and
jet objects. The final criterion of no tracks in the ID with pr > 0.8 GeV in a (0.2 x 0.2) region
in (AN x A¢) around the jet direction is made at L2. No further selection is applied at the EF. A
schematic diagram of the sequence of algorithms employed in the Trackless Jet trigger is depicted
in figure 4(a).

5 Decays in the hadronic calorimeter

Decays of neutral particles in the outer layers of the ECal or in the HCal result in little or no energy
deposited in the ECal (figure 2) and consequently in an anomalously large value of the hadronic
to electromagnetic energy ratio, Egap/Egm, of the jet. Since the neutral 7, has travelled through
the tracking volume without interacting before decaying in the calorimeter, no reconstructed tracks
connecting the jet to the primary IP are expected. Another feature of this topology is that the pair
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Figure 4. Schematic diagrams of the sequence of trigger algorithms used to select long-lived neutral particles
decaying throughout the ATLAS detector volume: Trackless Jet trigger (a), Calorimeter Ratio trigger (b) and
Muon Rol Cluster trigger (c). The ovals represent trigger algorithms to reconstruct features while rectangles
represent trigger algorithms that apply cuts using the reconstructed features.

of hadronic jets doesn’t have time to spatially separate before depositing its energy in the HCal
and this results in a very narrow single jet being reconstructed. The “Calorimeter Ratio trigger” is
designed to select this signature.

As can been seen in figure 5(a), almost all of the energy from jets originating from 7, decays
in the HCal is contained within a cone of AR = 0.1 around the jet axis. For this reason, a L1
T-lepton trigger is preferable to a L1 jet trigger because the latter selects events in a (AN X A¢)
region of (0.4x0.4) while the former selects, by design, jets with energy contained in a region of
(0.2x0.2), which better matches the narrow jets produced when a 7, decays in the HCal. The 7-
lepton triggers also have a lower energy threshold than the jet triggers, resulting in an increase of
the signal efficiency relative to the multi-jet background acceptance. Figure 5(b) shows the mean
value of the log,,(Euap/Erm) distribution for all L2 jets from 7, decays in the barrel calorimeter
as a function of the &, radial decay distance. As the 7, decays close to the end of the ECal, the
logarithmic ratio changes from a characteristic negative value to a positive value. The average value
of log,o(Enuap/Erm) plateaus at ~ 1.5 for radii between ~ 1.9 m and ~ 3.6 m, at which point the 7,
decay occurs too close to the outer radius of the HCal to reconstruct a jet. The Gaussian width (o) of
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Figure 5. (a) Energy deposition in the calorimeter cells around the jet axis (0,0) for 7, decays in the HCal.
(b) Mean value of log,o(Euap/Egm) for all L2 jets in the barrel calorimeter coming from 7, decays as a
function of the &, radial decay distance, r.

the log,(Enuap/Eem) distribution beyond 2 m is 0.35. Because jets with log;o(Egap/Eem) > 1.2
are produced by m, decays in the calorimeter, the ID should not contain any tracks pointing to
a signal jet. The result of applying the L2 tracking algorithm is that about 80% of the jets with
log,o(Exap/Eem) > 1.2 have no tracks with pr > 1 GeV reconstructed in a region of (0.2x0.2) in
(AN x A¢) around the jet axis, as shown in figure 6(a).

The 7, particles from Higgs decay have B < 1 and arrive in the calorimeter later thana § = 1
particle. The signal peak amplitude is thus shifted later in time, and this affects the raw energy
measurement. The online Optimal Filtering Algorithm [12] determines this time shift and provides
a corrected energy at L2 that is within 1% of the true energy for time shifts of up to 12ns [13].
Figure 6(b) from the ATLAS simulation of the calorimeter trigger, which incorporates the Optimal
Filtering Algorithm and energy correction algorithms, shows that for the my and my, combinations
considered, more than 93% of the &, decays in the HCal have a time shift of less than 10 ns for a
broad range of mean proper lifetimes.

Beam-halo muons that undergo bremsstrahlung as they traverse the HCal are a potential source
of background for the Calorimeter Ratio trigger. If an energetic bremsstrahlung radiation is emitted
by the muon in the HCal, the L1 trigger logic interprets this energy deposit as a jet and the event
is passed to L2; no energy is found in the ECal and therefore the event is accepted at L2. In order
to discard these events, an additional algorithm, exploiting the non-collision-like timing signature
in the HCal, is implemented in the EF of the Calorimeter Ratio trigger. If at least three HCal cells
with E > 240 MeV are found with a difference in timing of 5 ns with respect to a particle travelling
at B = 1, the event is rejected. Only cells within |[A¢| < 0.2 and AR > 0.3 from the leading jet axis
are considered. The removal of beam-halo muons reduces the Calorimeter Ratio trigger rate by
almost 50% without compromising the signal acceptance.

The Calorimeter Ratio trigger is built by requiring a t-lepton object with Et > 40 GeV at L1.
The threshold at 40 GeV corresponds to the lowest unprescaled L1 t-lepton item used during data
taking in 2012. The L2 jet and track reconstruction algorithms are then employed using the L1 7-
lepton Rol as input. The L2 reconstructed jet is required to have Et > 30 GeV, with the calorimeter
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Figure 6. (a) Distribution of the number of reconstructed tracks in the ID at L2 with pr > 1 GeV in a
(0.2 x 0.2) region in (AN x A¢) around the jet axis of a L2 jet with log,o(Euap/Egm) > 1.2 and || < 1.5
in events where the 7, decays in the HCal. (b) Fraction of 7, decays in the HCal with a delay of Ar < 10ns
as a function of the 7, mean proper lifetime.

response calibrated at the EM scale. Two additional criteria are applied: that there be no tracks with
pr > 1GeV reconstructed in a (0.2 x 0.2) region in (A1 x A¢) around the jet direction and that the
jetlog;o(Exap/Eem) > 1.2. At the EF, the standard anti-k, jet-finding algorithm [14] is added to
refine the jet object properties and Et > 35 GeV is required. The final criterion removes beam-halo
events. A schematic diagram of the sequence of algorithms employed in the Calorimeter Ratio
trigger is depicted in figure 4(b).

6 Decays in the muon spectrometer

Decays occurring at the outermost regions of the HCal or in the MS result in a large number of
charged hadrons traversing a narrow region of the MS. These events are characterized by a cluster
of L1 muon Rols centred around the 7, line of flight.

Figures 7(a) and 7(b) show the total number of muon Rols found in events with a &, decaying
in the MS barrel or end-caps. Larger Rol multiplicities are found in the end-caps because the muon
Rols have a spatial extent of 0.1 in AN and A¢ in the end-caps compared to 0.2 in the barrel.
Figures 8(a) and 8(b) show the average number of L1 muon Rols contained in a cone of AR = 0.4
around the 7, line of flight as a function of the 7, radial decay distance in the MS barrel and as a
function of the |z| decay coordinate in the MS end-caps. Figure 8 illustrates that a 7, decaying in
the MS results in a mean value of approximately three Rols and from four to five Rols clustered
around the 7, line of flight in the barrel and in the end-caps, respectively. The mean number of
Rols in the MS barrel is less than three Rols for the sample with my = 126 GeV and m,, = 10 GeV
due to the higher m, boost, which leads to narrower jets in the MS. For 7, decays close to the end
of the HCal (r ~ 4m in the barrel and |z| ~ 6 m in the end-caps), the average number of muon
Rols contained in the cone increases rapidly due to the charged-particle tracks from the 7, decay
passing through the calorimeter and entering the MS. Once the 7, decays occur in the MS, the
number of Rols remains approximately constant until the 7, decays are close to the muon trigger
plane (r ~ 7 m in the barrel and |z| ~ 13 m in the end-caps), at which point the charged hadrons are
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Figure 8. Average number of L1 muon Rols in a cone of AR = 0.4 around the 7, line of flight as a function
of (a) the m, radial decay position, r, in the MS barrel and (b) the |z| coordinate of the 7, decay in the MS
end-caps.

not spatially separated enough to give multiple, unique Rols. Moreover, decays occurring beyond
the first trigger plane do not give Rols because hits are required in both the first and second trigger
planes.

A cluster of muon Rols is defined as a AR = 0.4 radius region in the MS barrel (end-caps)
containing at least three (four) muon Rols. This characteristic signature is exploited at the HLT
to select events with 7, decays at the outermost regions of the HCal or in the MS. The SM back-
grounds from punch-through jets and bremsstrahlung from muons can be suppressed by requiring
the Rol cluster to be isolated with respect to both calorimeter jets and tracks in the ID.

Figure 9(a) shows the fraction of events accepted as a function of the AR distance from the
nearest jet to the Rol cluster centre in signal events. The acceptance is relatively flat up to values
of AR ~ (.7. Requiring the muon Rol cluster to be isolated from jets within AR < 0.7 results in a
signal loss of less than ~ 3%. It should be noted that the Rol cluster is only required to be isolated
from jets that have log,o(Enap/Eem) < 0.5 in order to increase the signal efficiency for events in
which the 7, decays at the end of the HCal, depositing energy and thus producing both a jet with
significant hadronic energy and a muon Rol cluster.
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Figure 9. Fraction of Rol clusters accepted in signal events as a function of AR between (a) the centre of
the Rol cluster and the jet direction for L2 jets with log,o(Euap/Egm) < 0.5 and (b) the centre of the Rol
cluster and the track direction for L2 tracks with pt > 5 GeV.

Figure 9(b) shows the fraction of events accepted at L2 as a function of AR between the centre
of the Rol cluster and the nearest track in the ID with pr > 5 GeV. Because the 7, particles are
both long lived, high-pt tracks are not expected to be reconstructed in the ID. The acceptance is
found to be approximately constant across a wide range of AR values. Requiring isolation within a
region of AR < 0.4 results in an acceptance loss of less than ~ 1%.

The timing of the L1 muon trigger is centred on the arrival time of the bunch crossing in
ATLAS, so that the trigger is active for 12.5 ns before and 12.5 ns after the bunch crossing. To
ensure that the Muon Rol Cluster trigger is associated with the correct bunch crossing, the critical
parameter to examine is the time delay between 7, decays in the MS and a particle produced in the
same interaction travelling with § = 1. The =, decay products have § ~ 1. Thus, in determining
the time delay between the 7, arrival and a B = 1 particle, only the distance the 7, travels from the
IP to the decay point needs to be considered.

The efficiency of the RPC trigger was measured, as a function of the time shift Az, in a test
beam [15]. The RPC time resolution has also been measured for the 2011 data and found to be in
good agreement with the test beam results. The L1 muon trigger accurately matches events to their
bunch crossings for time delays of less than approximately 6 ns. Time delays beyond 6 ns result
in some of the triggers being associated with the next bunch crossing in a predictable Gaussian
manner. If the trigger signal from the 7, is not associated with the correct bunch crossing, the event
is lost.

The expected online acceptance of the L1 trigger in the barrel MS for the three benchmark
mass points can be calculated* from the measured bunch-crossing identification efficiency, given
in ref. [15], and the B distribution of the 7,. The results are shown in table 2 for 7, particles emitted
at 7 =0 and |n| = 1. Similar results are obtained for the trigger system in the end-caps. The table
also gives the trigger acceptances obtained from the simulation, which are systematically shifted to
larger values because in the barrel trigger simulation at L1 there is a time shift of plus 3.125 ns (one

4The distances to the first muon trigger plane are used for the calculation of the online quantities: L = 7m and
L=11mforn =0and |n| =1, respectively.
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Table 2. The probability of associating 7, particles emitted at 7 = 0 and |17| = 1 with the correct bunch
crossing for both simulation and data for the three benchmark samples. The statistical uncertainties are
negligible.

Sample dataeff. n =0 MCeff. n =0 dataeff. [n|=1 MCeff. |n|=1
my/mg, = 100/25GeV  94.4% 97.6% 88.9% 94.9%
myu/mzg, = 126/10 GeV 99.8% 99.9% 99.6% 99.8%
my /my, = 140/20 GeV 98.9% 99.4% 97.9% 99.0%

least count) with respect to the online trigger. As a consequence, the simulation has a correctable,
systematically higher acceptance for late trigger signals as shown in table 2 for the three benchmark
samples. Analyses using this trigger will need to calculate the corrected efficiency.

Figure 10 shows the fraction of &, decays in the MS with a At of less than 6 ns as a function
of the m, mean proper lifetime. These are decays that could produce a trigger associated with the
correct bunch crossing. The 7, is associated with the correct bunch crossing with an efficiency
greater than 75% for the mg = 100 GeV and my, = 25 GeV sample and with an efficiency greater
than 94% for the other mass points. When the mean proper decay length is small compared to
the detector dimensions, only very boosted 7, particles have non-negligible probability to decay
in the MS. As the mean proper decay length increases, those m, particles with a smaller boost
begin to have some probability to decay in the MS. When the mean proper decay length becomes
comparable to the ATLAS detector dimensions all the 7, particles have roughly equal probability
to decay in the MS.

The Muon Rol Cluster trigger is built by requiring two muons with pr > 10GeV at L1. A
cluster of muon Rols is required at L2 for all the events passing the L1 selection. Then, the L2 jet
and track reconstruction algorithms are employed using all the jet Rols found in the same event.
The jet isolation criterion is then applied, requiring that there be no jets within AR = 0.7 around the
muon Rol cluster centre with Er > 30GeV and log;,(Exap/Eem) < 0.5, where the calorimeter
response is calibrated at the EM scale. The track isolation criterion is also applied, requiring no
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tracks in the ID with pt > 5GeV within AR = 0.4 of the muon Rol cluster centre. No further
selection is applied at the EF. A schematic diagram of the sequence of algorithms employed in the
Muon Rol Cluster trigger is depicted in figure 4(c).

7 Trigger efficiency on simulated events

The efficiency is defined as the fraction of &, particles that pass one of the triggers for displaced
decays of long-lived neutral particles as a function of the 7, decay position. Figures 11-13 show the
long-lived neutral particle trigger efficiencies for the simulated mass points, with mean (u) = 22,
as a function of the m, decay position for decays in the barrel and end-cap regions of the ATLAS
detector. The uncertainties shown are statistical only. The Calorimeter Ratio trigger and Muon Rol
cluster triggers have good efficiency throughout the detector volume. All of the efficiencies are
lower in the forward region than in the central region. In general, this is a consequence of events
not satisfying the isolation criteria because of the higher mean occupancy in the forward region due
to pile-up interactions.

The Trackless Jet trigger is less than 5% efficient for decays occurring in the region of the
barrel between the middle of the ID and the ECal. The trigger efficiency increases as the decay
occurs closer to the end of the HCal. The dependence of the efficiency on the decay position is a
consequence of the low pr distribution of muons produced by the 7w, decays. A muon originating
in the ID will lose an average of 4 GeV of energy as it traverses the ATLAS calorimeters [16];
therefore, a larger fraction of muons produced in 7, decays reach the muon system as the 7, decays
further into the calorimeter. The efficiency in the end-cap regions is ~ 1-2%. The Calorimeter
Ratio trigger is ~ 25% efficient for 7, decays in the HCal barrel and 10% in the HCal end-caps.
The Muon Rol Cluster trigger in the MS barrel is ~ 40% efficient from the end of the HCal to
r ~ 6 m. The efficiency drops beyond a radial distance of 6 m because the jets originating from the
7, decay do not separate sufficiently before reaching the first muon trigger plane located at r ~ 7 m.
The trigger efficiency in the MS end-caps is 15-25% for |z| between 7 and 12 m from the IP.

The lower efficiency of the Calorimeter Ratio trigger for the sample with my = 100 GeV and
my, =25 GeV is due to the tight L1 energy threshold and the fact that jets produced by the 7, decays
in this MC sample have lower energies compared to the other samples. The lower efficiency of the
Muon Rol Cluster trigger and rapid decrease with increasing decay distance for the sample with
my = 126 GeV and my, = 10GeV is due to the higher 7, boost that results in collinear jets that
are more likely to be contained in a single MS sector. Because the L1 muon firmware is limited
to no more than two Rols per sector, many of these decays do not satisfy the trigger condition that
requires three (four) or more Rols in the MS barrel (end-caps). The effect is minimized if the jet
axis falls between two adjacent MS sectors.

To evaluate the effect of pile-up interactions on the trigger efficiency, the MC samples are
arbitrarily divided into two subsamples, one with (i) > 22 and one with (u) < 22, with mean
(u) values of 28.6 and 15.8, respectively. Tables 3 and 4 give, for the three triggers, the ratio
of Efficiency(28.6)/Efficiency(15.8) in the barrel and end-cap detectors.’ Both the Trackless Jet
and the Calorimeter Ratio triggers show significant reduction of efficiency with increasing pile-
up in both the barrel and end-cap regions. These two triggers are particularly sensitive to pile-up

SThe efficiencies used in the ratio are averaged over the r and |z| ranges given in tables 3 and 4, respectively.
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Table 3. The ratio of the trigger efficiencies in the barrel for mean (i) = 28.6 (high pile-up sample) to mean
(u) = 15.8 (low pile-up sample) for the three triggers and the three benchmark samples. The uncertainties
shown are statistical only.

Sample Trackless Jet Calorimeter Ratio Muon Rol Cluster Range [m]

my/my, =100/25GeV  0.70+0.04 0.48£0.04 1.03£0.03 04<r<4.0
myu/mg, =126/10GeV  0.76 £0.04 0.47£0.02 0.95+£0.03 20<r<4.0
my/mg, = 140/20GeV  0.64+0.02 0.50£0.02 0.98£0.03 40<r<12

Table 4. The ratio of the trigger efficiencies in the end-caps for mean (u) = 28.6 (high pile-up sample)
to mean (i) = 15.8 (low pile-up sample) for the three triggers and the three benchmark samples. The
uncertainties shown are statistical only.

Sample Trackless Jet Calorimeter Ratio Muon Rol Cluster Range [m]
my/my, =100/25GeV  0.32+0.07 0.34£0.06 0.93£0.02 1.8< 7] < 6.0
my/my, =126/10GeV  0.51 £0.08 0.35+£0.03 0.93£0.02 42 < |7 <6.0
mu/mg, = 140/20GeV  0.39+0.04 0.40+0.04 0.92+£0.02 6.0<|z| <132

interactions because of the tight isolation criterion that requires no reconstructed tracks at L2 with
pr > 0.8 and pr > 1GeV in a cone around the jet axis for the Trackless Jet and Calorimeter
Ratio triggers, respectively. The Muon Rol Cluster trigger includes a softer track isolation cut,
no reconstructed tracks at L2 with pt > 5 GeV around the muon Rol cluster centre, and is more
robust against pile-up. No effect is observed in the barrel region while in the end-caps there is an
approximate 7% reduction. The isolation cuts represent a compromise between maximizing the
signal acceptance and reducing the final output rate to a sustainable level.

From the trigger efficiency plots, the signal fraction accepted by the long-lived neutral particle
triggers is predicted as a function of the m, mean proper lifetime. The fraction of 7, decays that
occur at a certain radius is weighted by the corresponding trigger efficiency for the same radius.
Figure 14 shows the expected fraction of events that pass each trigger as a function of the m, mean
proper lifetime for mg = 140 GeV and my, =20 GeV.

All the trigger studies and efficiencies presented in this paper are based on MC simulations
and the associated uncertainties are statistical only. An analysis using one or more of these triggers
will need to make a careful study of the systematic uncertainties. While the details of the study are
analysis dependent, standard sources of systematic uncertainties include the jet energy scale, the jet
energy resolution, the modelling of hard and soft proton-proton interactions and the instantaneous
luminosity. Additional systematic uncertainty studies that focus on the physics objects used by
these triggers need to be taken into account and some examples follow.

The cluster of muon Rols resulting from a 7, decay in the MS is the basic physics object used
by the Muon Rol Cluster trigger. To compare the MS detector response to a 7w, decay in data and
simulation, a sample of jets that punch through the calorimeter can be used. The punch-through jets
are similar to signal events in that both low-pt photons and charged hadrons are present in a narrow
region of the MS, thus the detector response to such an environment can be verified between data
and simulation. The systematic uncertainty related to the logarithmic ratio selection criteria can be
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Figure 14. The expected fraction of events that pass each of the long-lived neutral particle triggers as a
function of the &, mean proper lifetime.

studied by selecting a sample of jets with a small fraction of energy in the ECal and comparing the
distribution in data and simulation when applying the various cuts used in the Calorimeter Ratio
trigger. For the Trackless Jet trigger, a data sample collected with a minimum bias trigger can be
used to identify secondary vertex interactions that may mimic the decay topology of a 7, in the
ID or ECal. In general, systematic uncertainties are analysis dependent and detailed studies are
beyond the scope of this paper.

8 Triggering on collision data

These triggers need to meet tight bandwidth requirements for inclusion in the ATLAS trigger menu.
The exclusive bandwidth allocated for the long-lived neutral particle triggers is only a few Hz.
Figure 15 shows the rates as a function of instantaneous luminosity for the three triggers during
a typical 2012 data-taking period and demonstrates that the rates are well within the allocated
trigger bandwidth. The Muon Rol Cluster trigger shows a linear dependence on the instantaneous
luminosity. A linear fit, when extrapolated to null luminosity and accounting for the different
number of filled and empty bunches, predicts a rate of (0.04 +-0.01) Hz. An analogous trigger only
enabled on empty bunch crossings gives a rate of (0.04 £0.03) Hz in the same data-taking period
as that displayed in figure 15. The rates are found to be in excellent agreement, suggesting that the
Muon Rol Cluster trigger rate increases linearly as a function of the instantaneous luminosity and
there are no other dependencies affecting its rate.

The Trackless Jet and Calorimeter Ratio trigger rates show little or no dependence on the
instantaneous luminosity. As discussed in the previous section, this is the result of the tight track
isolation requirement included among the online selection cuts. The Muon Rol Cluster trigger uses
a softer track isolation requirement and its rate is determined only by the instantaneous luminosity.

More detailed studies on data are, in general, not possible since the instantaneous luminos-
ity and pile-up are correlated quantities and the LHC running conditions do not provide different

— 16—



~N 20 I UL
L E ATLAS 3
= 1.8} 3
o £ Vs=8 TeV, peak u126.6 :
g 1.6 _ 3
C Trackless Jet trigger o]
1. 4; —m— Calorimeter Ratio trigger é + +?
1.2~ —e— Muon Rol Cluster trigger + #+°+j #+ -
¥ UROTCAALLL N
03 padw N E
0.6 g™ %) =
o4 il -Ml"mm“'-ﬁ',.r‘. a4

0. 2?"""'"

Orl‘H‘\HH\HH\HH\H"\HH\HHM
2 2.5 3 3.5 4 4.5 5 5.5

Inst. Luminosity [10% cm2 s7
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taking period.

samples with the same instantaneous luminosity and different pile-up configurations. However,
the correlation between the track isolation criterion and the amount of pile-up in the event can be
further studied using the Muon Rol Cluster trigger. Figure 16 shows the ratio of the Muon Rol
Cluster trigger rates as a function of (i) when lowering the threshold of the pr tracking isolation
cut below the nominal pt > 5GeV used in the trigger. There is no difference in the rate when
requiring isolation using tracks with pt > 5 GeV or pt > 3 GeV. However, a net linear rate reduc-
tion with increasing pile-up is observed when using tracks with pt > 1 GeV. As expected, a higher
number of interactions per event increases the likelihood that the event is rejected for triggers using
low-momentum track isolation.

9 Conclusions

Three signature-driven triggers designed to select decays of long-lived neutral particles through-
out the ATLAS detector volume are described: the Trackless Jet trigger for decays beyond the
pixel layers to the ECal, the Calorimeter Ratio trigger for decays in the HCal and the Muon Rol
Cluster trigger for decays from the end of the HCal to the MS middle station. These triggers are
demonstrated to be efficient for pairs of 7, particles produced in Higgs boson decays, using dif-
ferent lifetimes and a range of Higgs boson and m, masses. They also met the tight bandwidth
requirements of the ATLAS triggers during the 2012 LHC physics data-taking period. The esti-
mated fraction of triggered 7, particles is between 2% and 10% for a m, mean proper lifetime in
the range 0.1 m to 20 m. The ATLAS physics potential for probing various SM extensions can be
greatly extended using the triggers described in this paper.
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