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Abstract. At the Large Hadron Collider at CERN the proton bunches cross at a rate of 40 MHz. At the Com-
pact Muon Solenoid experiment the original collision rate is reduced by a factor of O (1000) using a Level-1
hardware trigger. A subsequent factor of O (1000) data reduction is obtained by a software-implemented
high level trigger (HLT) selection that is executed on a multi-processor farm. In this review we present in
detail prototype CMS HLT physics selection algorithms, expected trigger rates and trigger performance in

terms of both physics efficiency and timing.

PACS. 13.85.-t; 07.05.Kf; 07.05.Tp; 02.07.Uu

1 Introduction

The large hadron collider (LHC) [1], is a hadron-hadron
collider to be installed in the large electron positron (LEP)
tunnel at the CERN Laboratory (the European Labora-
tory for Particle Physics outside Geneva, Switzerland). It
will be a unique tool for fundamental physics research and
the highest energy accelerator in the world for many years
following its completion. The LHC will provide two pro-
ton beams, circulating in opposite directions, at an energy
of 7TeV each (center-of-mass /s = 14 TeV). These beams
upon collision will produce an event rate about 1000 times
higher than that presently achieved at the Tevatron pp
collider [2]. In order to support the 7 TeV proton beams,
in total 1104 8.4 Tesla superconducting dipoles and 736
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quadrupoles will be installed in the underground tunnel of
26.6 km circumference formerly used by LEP.

The physics potential of the LHC is unprecedented: it
will allow to study directly and in detail the TeV scale re-
gion. The LHC is expected to elucidate the electroweak
symmetry breaking mechanism (EWSB) and provide evi-
dence of physics beyond the standard model [3]. The LHC
will be also a standard model precision measurements in-
strument [4] mainly due to the very high event rates as
shown in Table 1.

The proton beams cross at interaction points along the
ring where detectors that measure the particles produced
in the collisions are installed. Interaction “Point 5” hosts
the multiple purpose 47 coverage CMS detector, shown
in Fig. 1.

The CMS detector measures roughly 22meters in
length, 15 meters in diameter, and 12500 metric tons in
weight. Its central feature is a huge, high field (4 Tesla)
solenoid, 13 meters in length, and 6 meters in diameter. Its
“compact” design is large enough to contain the electro-
magnetic and hadron calorimetry surrounding a tracking
system, and allows a superb muon detection system. All
subsystems of CMS are bound by means of the data acqui-
sition and trigger system.

In the CMS coordinate system the origin coincides with
the nominal collision point at the geometrical center of the
detector. The z direction is given by the beam axis. The
rest frame of the hard collision is generally boosted relative
to the lab frame along the beam direction, 6 is the polar
angle with respect to the z axis and ¢ the azimuthal angle
with respect to the LHC plane. The detector solid angle
segmentation is designed to be invariant under boosts
along the z direction. The pseudorapidity 7, is related to
the polar angle 6 and defined as n = — In(tan(6/2)). The

Table 1. Approximate event rates of some physics processes
at the LHC for a luminosity of £ =2 x 10%? cm™2?s™!. For this
table, one year is equivalent to 20 o1

Process Events/s Events/year
W —ev 40 4% 108
Z—ee 4 4 %107

it 1.6 1.6 x 107
bb 10° 1013

G (m=1TeV) 0.002 2% 10%
Higgs (m = 120 GeV) 0.08 8 x 10°
Higgs (m = 800 GeV) 0.001 104
QCD jets pr > 200 GeV 102 10°
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transverse momentum component z-axis is given by pr =
psin @ and similarly Et = E'sinf is the transverse energy
of a physics object.

The experiment comprises a tracker, a central calorime-
ter barrel part for |n| < 1.5, and endcaps on both sides,
and muon detectors. The tracking system is made of sev-
eral layers of silicon pixel and silicon strip detectors and
covers the region |n| < 2.5. The electromagnetic calorime-
ter consists of lead tungstate (PbWOQy,) crystals covering
In| <3 (with trigger coverage |n| <2.6). Its resolution at
the initial luminosity (£ =2x 103 cm™2s7!) is AE/E =
3%/vVE®0.5%. The surrounding hadronic calorimeter
uses brass/scintillator tiles in the barrel and endcaps. Its
resolution for jets, when combined with the electromag-
netic calorimeter, is AE/E = 110% /v E @ 5%. The region
3 < |n| < 5 is covered by forward calorimeters with a reso-
lution of AE/E = 180%/+v/E & 10%. Muons are measured
in gas chambers in the iron return yoke. The muon mo-
mentum measurement using the muon chambers and the
central tracker covers the range |n| < 2.4 with a reso-
lution of Apr/pr =5% at pr =1TeV and Apr/pr =1%
at pr = 100 GeV. The muon trigger extends over the pseu-
dorapidity range |n| < 2.1.

The total non-diffractive inelastic cross section at the
LHC is expected to be or = 55mb [5,6]. The LHC will
operate at a bunch crossing rate of 40 MHz. Only 80%
of the bunches will be filled [1], resulting in an effective
bunch crossing rate of 32 MHz. The instantaneous lumi-
nosity in the first two years after start—up is expected
to be £L=2x10%cm 2s~! and subsequently upgraded
to £L=10%*cm 25! in a second phase. In the following
these two values are referred to as “low luminosity” and
“high luminosity”, respectively. The average number of in-
elastic non-diffractive interactions per bunch crossing p is
@ =17.3 at high and p = 3.5 at low luminosity.

In total CMS has ~ 108 data channels that are checked
each bunch crossing. The design data-size per event

MUON
ENDCAPS

Cathode Strip Chambers (CSC)
Resistive Plate Chambers ( RPC)

Fig. 1. Three dimensional view
of the CMS detector, and its de-
tector components

is about 1 MB. At start-up it is essential to allow for
a larger event size, up to 1.5 MB per event, in order to
be able to thoroughly study and understand the detector
performance.

One of the most important and difficult aspects of
the experiment is the design of the trigger, the real-time
selection and recording of the (judged) useful events. Min-
imum deadtime and maximum physics retention are re-
quired of the data acquisition (DAQ), trigger and data
recording architecture. To achieve this, sophisticated and
fast selection algorithms are implemented that use selec-
tive information from all the detector subsystems dur-
ing real-time data taking. The rate of interesting physics
processes that need be recorded compared to the in-
clusive pp cross section is many orders of magnitude
smaller.

The CMS trigger is designed to perform a data reduc-
tion from 32 MHz down to O(100)Hz via different sequen-
tial trigger levels. The first trigger level of CMS, Level-1, is
hardware implemented and reduces the data rate, by using
specific low level analysis in custom trigger processors. All
further levels are software filters which are executed on
(partial) event data in a processor farm.

This is the upper level of real-time data selection and
is referred to as High-Level Trigger or HLT. Only data
accepted by the HLT are recorded for offline physics an-
alysis. Additionally, small samples of the rejected data are
retained for monitoring the performance of the HLT while
the bulk of it is discarded and dropped from any further
processing without compromising physics efficiency.

This paper details how CMS proposes to achieve the
necessary reduction factor, while keeping an uncompromis-
ing physics efficiency. The HLT algorithms are described in
detail, typical threshold choices are given and the physics
performance for several benchmark processes is demon-
strated. The results reported here demonstrate that CMS
has developed an efficient and agile trigger structure which
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will select the physics signals of interest in the harsh LHC
conditions.

The report is organized as follows. Section Sect. 2 de-
scribes the CMS trigger, Sect. 3 the electron/photon trig-
gers and Sect. 4 the muon triggers. The jet and missing
Er related triggers are discussed in Sects. 5 and 6. Sec-
tions 7 and 8 discuss the 7 and other heavy flavour triggers
respectively. In Sect. 9 we present studies on benchmark
physics channels and discusses a prototype trigger table
for the HLT. The Appendix describes the Level-1 trigger
algorithms.

2 The CMS trigger

2.1 Physics requirements

The main physics requirements on the L1 trigger and the
HLT are:

— foremost, the requirement that the selection fulfill the
needs of the CMS physics program; the efficiency for the
physics objects must be as high as possible;

— the selection must be as inclusive as possible. The
LHC represents a new energy frontier, and unexpected
new phenomena may appear. The selection require-
ments must retain events of potential use in such exotic
searches;

— all thresholds and other requirements applied by the
selection should be very robust, so that detailed know-
ledge of calibration constants and other run conditions
do not pose a stringent constraint in real time;

— the final selection of events should include data sam-
ples for the calculation of all trigger and reconstruction
efficiencies offline;

— the rate of events accepted by the HLT should be
within limits allowed by the data recording technology
(O(100)Hz);

— all algorithms and their implementation should be
monitored continuously for their correct functioning;

— the events selected by the HLT should be tagged to in-
dicate the reasons for their selection, to aid the offline
reconstruction;

— the HLT should include all major improvements in the
offline reconstruction, and thus it should be as close as
possible to the standard offline reconstruction code.

2.2 Selection strategy and reconstruction on demand

The CMS DAQ/HLT processes all events accepted by the
Level-1 trigger in a single processor farm. There is there-
fore no separate Level-2 or Level-3, but a single entity,
the High-Level Trigger. Nevertheless, as in a traditional
multi-level trigger system, the selection of events can be
optimized by rejecting events as quickly as possible. The
basic event building strategy is to reconstruct those parts
of each physics object that can be used for selection while
minimizing the overall CPU usage.

As an example, reconstruction of an electron includes
the reconstruction of a cluster in the electromagnetic
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calorimeter, the matching of hits in the pixel detector and
the subsequent reconstruction of a full charged particle
track in the tracker. At the end of each step a set of selec-
tion criteria results in the rejection of a significant fraction
of the events accepted by the previous step. The rate of
events that need to be processed through the remaining
algorithms is decreased reducing the required CPU. Recon-
struction and selection are therefore closely intertwined in
the online environment of the filter farm. For an optimal
system the HLT should reconstruct the minimum amount
of detector information needed to apply a set of selection
criteria that reject background events while keeping the
desired physics events for further processing.

It is important to note that a fraction of the bandwidth,
between 10%-30%, (closer to 30% at start-up) needs to be
reserved for calibration triggers to ensure a complete and
accurate understanding of the detector performance.

2.3 Trigger levels—definitions

The reconstruction and selection in the HLT takes place in
steps which correspond roughly to what would have been
distinct trigger systems, the Level-2 and Level-3 trigger
systems. It is thus convenient to use the terminology, and
to refer to a “Level-2 trigger” or a “Level-3 step” to de-
scribe the selection algorithms and criteria of the HLT. As
mentioned previously the CMS HLT architecture does not
include a sharp division between these trigger steps, other
than the order in which they are applied.

In what follows, the convention used is that “Level-2”
triggers, algorithms and requirements refer to the first se-
lection step in the HLT process. Typically, a Level-2 trig-
ger, which has the maximum rate of events input to it, uses
only information from the calorimeter and muon detec-
tors. In contrast, “Level-3” refers to selection that includes
the reconstruction of full tracks in the tracker. Tradition-
ally, because of the high number of channels, the complex
pattern recognition and higher combinatorics, track recon-
struction is a process that demands large amounts of CPU
time. Extending the terminology, in what follows there are
references to “Level-2.5” triggers, which refer to algorithms
that use partial tracker information, e.g. pixel hits, for
a fast confirmation of the electron candidate. The number-
ing, “2.5”, attempts to indicate the intermediate nature of
the selection, as one that occurs between the selection that
is based solely on the calorimeter information, and the se-
lection that is based on the full CMS detector information.

2.4 Partial event reconstruction

To minimize the CPU required by the HLT, a key feature
of the algorithms is to reconstruct the information in the
CMS detector only partially. In many cases the decision on
whether an event should be accepted by the HLT involves
the reconstruction of quantities in only a limited region of
the detector. As an example, for an event accepted by the
Level-1 trigger in the inclusive muon stream, only the parts
of the muon chambers indicated by the Level-1 trigger re-
sults, and the corresponding road in the tracker, need be
considered for the validation of the muon.
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The idea of partial event reconstruction has been em-
bedded in the CMS reconstruction code from the very
beginning. In the case of the HLT, the reconstruction of
physics objects is driven by the corresponding candidates
identified by the Level-1 trigger.

All reconstruction starts from the Level-1 trigger infor-
mation. This approach leads to significant CPU savings,
however it also leads to rejecting events that contain “vol-
unteer” objects, i.e. objects that did not pass the Level-1
trigger. This disadvantage is mitigated by the fact that it
is, in general, very difficult to understand the properties
of such objects in later offline analyses. It is clearly al-
ways feasible, albeit with an increased CPU cost, to look
for additional objects in each event if a particular physics
analysis introduces such a requirement.

2.5 Level-1 trigger settings and rates

The performance of the Level-1 trigger system is sum-
marized in the Sect. A and further details of the system
can be found in the Level-1 trigger technical design re-
port (TDR) [7]. Some small changes in expected rates and
efficiencies with respect to that document have been in-
corporated in this report. The changes reflect the Monte
Carlo input, including an updated version of the PYTHIA
Monte Carlo simulation and increased statistics in the
Monte Carlo samples generated, as well as a more de-
tailed and tuned detector and trigger simulation. The main
thrust of the conclusions of reference [7] remains unal-
tered: the overall performance of the system satisfies the
requirements of the CMS physics program. An additional
change with respect to the trigger TDR is the definition
of the low luminosity run conditions: “low” luminosity in
this document refers to an instantaneous luminosity of
L =2x10% cm~2s~!(twice the definition of low luminos-
ity at the TDR) while “high” luminosity refers to the nom-
inal LHC design value of £ = 103 cm~2s~!. The current
plans of CMS call for a phased installation of the Data Ac-
quisition system so that at start-up the DAQ can handle
a Level-1 accept event rate of up to 50 kHz and at the full
design luminosity it can handle a rate of 100 kHz.

The CMS Collaboration: The CMS high level trigger

The allocation of the Level-1 trigger bandwidth must
be optimized in order to ensure the widest possible physics
reach for the experiment, while including all technical trig-
gers intended for calibration and monitoring of the de-
tector. The procedure used for this optimization starts
with a determination of the maximum Level-1 trigger rate
that can be allocated, which is 16 kHz at low luminos-
ity and 33 kHz at high luminosity. These maximum rates
arise from dividing the total DAQ bandwidth, i.e. 50 kHz
(100kHz) at low (high) luminosity, by a safety factor of
three. This safety factor is used to account for all uncer-
tainties in the simulation of the basic physics processes, the
CMS detector, and the beam background conditions.

The second step is a first allocation of this Level-1
bandwidth across the different objects. An equal allo-
cation across the four categories of “objects” taken as
(a) electrons/photons, (b) muons, (c) tau-jets and (d) jets-
combined channels, is made. For example, at low luminos-
ity about 4 kHz is pre-allocated to each of these triggers
above.

The third step is to determine thresholds for the single
and double-object triggers within this first Level-1 rate al-
location. As an example, the 8 kHz of electron and photon
triggers at high luminosity has to be divided among single
and double electrons/photons. For this purpose the iso-
rate contours on the plane of the Et1 cut on the single ob-
jects versus the Er cut on the double objects are examined,
as shown in Fig. 2 (left). An operating point in this single-
double threshold plane must be selected for a given a Level-
1 trigger allocation. To determine the optimal operating
point, the efficiency for triggering on selected physics chan-
nels, via the single and the double-object trigger, is con-
sidered. In the case of the electron/photon trigger the effi-
ciency for W — ev decays versus the efficiency for Z — ee
decays can be used, as in Fig. 2 (right). The optimal point
can be selected as a trade-off between the two efficien-
cies, e.g. adopting the point at which both efficiencies drop
at the same rate, as shown in the same figure. The same
method is used for muons and 7s.

There is no similar optimization of the allocation for
jet triggers since there is no reason to include a 2-jet trig-
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ger requirement. All QCD events have a second jet which,
though by definition at a lower E7 than the leading jet, is
always present in the event.

The last step in this procedure is to evaluate the opti-
mal efficiencies for each of the four object categories and to
then re-iterate the entire procedure with slightly different
Level-1 trigger allocations.

Note that the Level-1 triggers only consider cross-
object triggers for a limited number of categories.

2.6 Level-1 trigger table

With the constraints described previously, the prototype
Level-1 trigger tables that are used in the present paper for
further analysis of the HLT algorithms and performance
are listed in Table 2 and Table 3 for low and high luminos-
ity respectively. The thresholds quoted correspond to the
Et or pr value at which the efficiency of the trigger is 95%
of its maximum value. There is no entry for a 1+ jet trigger
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at low luminosity because there is little to be gained given
the low inclusive muon threshold.

In both cases, a 1kHz bandwidth is allocated to
minimum-bias events which will be used for calibration
and monitoring purposes.

2.7 Event generation and detector simulation

The studies of the HLT have been performed with simu-
lated events, by tracking particles through a realistic simu-
lation of the detector, adding pileup events (the additional
3.5(17.5) interactions at low (high) luminosity conditions),
and applying the HLT algorithms to the digitized data.
Standard Monte Carlo generators, such as PYTHIA [5]
and ISAJET [8], are used to simulate the collisions between
two protons at /s = 14 TeV.

Event samples have been generated for the muon, elec-
tron, b and 7 and jet signal samples as well as for the
pileup of minimum bias collisions. In several cases special

Table 2. Level-1 trigger table at low luminosity. Thresholds correspond to values with
95% of the maximum available efficiency (except for the muon triggers which are at

90% efficiency)

Trigger Threshold Rate Cumulative Rate
(GeV or GeV /c) (kHz) (kHz)
inclusive isolated electron/photon 29 3.3 3.3
di-electron/di-photon 17 1.3 4.3
inclusive isolated muon 14 2.7 7.0
di-muon 3 0.9 7.9
single T-jet 86 2.2 10.1
di- 7 -jet 59 1.0 10.9
1-jet, 3-jet, 4-jet 177, 86, 70 3.0 125
jet * s 88 * 46 2.3 14.3
electron * T-jet 19 * 45 0.8 15.1
minimum bias (calibration) 0.9 16.0
TOTAL 16.0

Table 3. Level-1 trigger table at high luminosity. Thresholds correspond to values
with 95% of the maximum available efficiency (except for the muon triggers which are

at 90% efficiency)

Trigger Threshold Rate Cumulative Rate
(GeV or GeV /c) (kHz) (kHz)
inclusive isolated electron/photon 34 6.5 6.5
di-electron/di-photon 19 3.3 9.4
inclusive isolated muon 20 6.2 15.6
di-muons 5 1.7 17.3
single T-jet trigger 101 5.3 22.6
di- 7-jets 67 3.6 25.0
1-jet, 3-jets, 4-jets 250, 110, 95 3.0 26.7
jet * Emiss 113 * 70 45 30.4
electron * T-jet 25 * 52 1.3 31.7
muon * T-jet 15 * 40 0.8 32.5
minimum bias (calibration) 1.0 33.5
TOTAL 33.5
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care has to be taken to ensure an efficient but correct sam-
ple generation. As an example the generation of the min-
imum bias background for HLT studies involving muons
is treated somewhat differently than for studies without
muons since every charged pion or kaon with a momen-
tum above a few GeV /¢ can potentially decay into a muon,
penetrate into the muon system, and be mismeasured as
a high-pr muon because of multiple scattering through the
iron yoke. A complete simulation of this background would
be CPU-wise prohibitive, hence a weighting procedure is
used. Details are given in [9].

A procedure has been developed to take into account
the effects of the pileup in the muon system, as detailed
in [10]. For the jet trigger sample a cross section weight-
ing technique is applied as well [7]. Attention has also been
paid for the pileup samples, to ensure that the limited
statistics and re-use of events in these samples does not
lead to overestimated trigger rates due to a few recurring
events.

For the HLT studies presented in this paper, the CMS
detector simulation package, CMSIM [11] is used. It is an
application of the GEANT3 [12] detector description and
simulation tool. CMSIM is used to describe the detector
geometry and materials. It also includes and uses informa-
tion about the magnetic field. CMSIM reads the individual
generated events and simulates the effects of energy loss,
multiple scattering and showering in the detector mate-
rials with GEANT3. The average storage size of a single
event for these studies is about 2 MB. The CPU time re-
quired to simulate one event on a 1 GHz CPU ranges from
60 s for a minimum-bias event, to 500s for a 1 TeV di-jet
event.

3 Electron and photon identification

The HLT selection of electrons and photons proceeds in
three steps. The first step (Level-2.0), uses the calorimeter
information alone. The next step (Level-2.5) demands hits
in the pixel detectors consistent with an electron candi-
date. Matching of energy in the electromagnetic calorime-
ter (ECAL) with hits in the pixel detector or failure to
match, splits the electromagnetic triggers into two cate-
gories: electron candidates (single and double), and above
significantly higher thresholds, photon candidates. In the
final step (Level-3) the selection of electrons uses full track
reconstruction, seeded from the pixel hits obtained at the
matching step.

For the calorimeter reconstruction — clustering followed
by energy and position measurement — the emphasis is
predominantly on the reconstruction of electrons, because
the transverse momentum thresholds for triggering on elec-
trons are much lower than those for photons. Since the
amount of material traversed in the tracker volume is al-
most one radiation length for certain polar angles, the first
challenge for ECAL clustering is to include all energy ra-
diated by electrons. Photons that have converted in the
tracker material are adequately reconstructed by the elec-
tron algorithms. For the final higher precision reconstruc-
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tion of photons it is foreseen that unconverted photons will
be reconstructed using energy sums of fixed arrays of crys-
tals and that tracker information will be used to assist the
clustering for converted photons. Such algorithms that im-
prove the photon energy resolution, are not necessary for
the HLT selection.

3.1 Calorimeter reconstruction: clustering

The first step in the reconstruction of an electron in the
High-Level Trigger is the clustering of the energy deposits
in the ECAL and the estimate of the electron’s energy and
position from this information. In the barrel section this in-
volves the energy deposited in the lead tungstate crystals
alone, in the endcap energy is also deposited in the 3X)
thick preshower detector.

Electrons radiate in the material between the interac-
tion point and the ECAL. The bending of the electron
in the 4 T magnetic field results in an azimuthal spray of
energy reaching the ECAL. The electron energy can be col-
lected by forming a group of clusters along a ¢-road. This
cluster of clusters is called a “super-cluster”.

3.1.1 The island algorithm

The island algorithm starts by a search for seeds which are
defined as crystals with an energy above a certain thresh-
old. Starting from the seed position, adjacent crystals are
examined, scanning first in ¢ and then in 7. Along each
scan line crystals are added until either a rise in energy
or a crystal that has not been read out is encountered.
The clustering starts from the highest Frseed in the list of
seeds, and the crystals included in the cluster are marked
after being used so as to be only included in a single cluster

In much the same way as energy is clustered at the level
of calorimeter cells, non-overlapping clusters can in turn be
clustered into calorimetric “super-clusters”. The proced-
ure is seeded by searching for the most energetic cluster
and then collecting all the nearby clusters in a very narrow
n-window and much wider ¢-window.

3.1.2 The hybrid algorithm

For single showers, such as those produced by unconverted
photons, or those produced by electrons in test beam con-
ditions, energy sums of fixed arrays of crystals give a bet-
ter energy resolution performance than energy sums of
crystals collected dynamically according to a cluster or
“bump” finding algorithm. The Hybrid algorithm uses the
1n—¢ geometry of the barrel crystals to exploit the know-
ledge of the lateral shower shape in the 1 direction (taking
afixed bar of three or five crystals in ), while searching dy-
namically for separated (bremsstrahlung) energy in the ¢
direction.

The Hybrid algorithm is used to reconstruct electrons
with pr > 10 GeV /c in the barrel. By contrast, when look-
ing for small deposits of energy in individual clusters, for
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example when making a calorimetric isolation cut, the ba-
sic clusters of the Island algorithm are more appropriate
objects to work with. Further details on the clustering al-
gorithms can be found in reference [13].

3.2 Endcap reconstruction with the preshower

Much of the endcap is covered by a preshower detector with
two planes of silicon strip readout. The energy deposited
in the preshower detector (which is about 3 X thick) needs
to be added to the crystal clusters [14]. The energy in the
crystals is clustered using the Island algorithm and the
clusters are associated to form super-clusters. A preshower
cluster is constructed in each plane, in front of each crys-
tal cluster of the super-cluster. The search area in the
preshower is centered on the point determined by extrapo-
lating the crystal cluster position to the preshower plane in
the direction of the nominal vertex position.

3.3 Energy and position measurement
3.3.1 Position measurement using log-weighting technique

A simple measurement of the shower position can be ob-
tained by calculating the energy-weighted mean position
of the crystals in the cluster. Two features need to be ad-
dressed in more detail in order to obtain a precise position
measurement.

The first is the precise definition of the “crystal pos-
ition”. The lateral position of the crystal depends upon
depth because the crystals are “off-pointing” and the in-
cident particle and shower direction is not exactly parallel
to the crystal axis. The lateral position of the crystal is
thus defined as the (7, ¢) position of its axis at a particu-
lar depth. The depth at which the shower maximum occurs
is taken as the longitudinal baricentre of the shower which
has a logarithmic dependence on the shower energy. This
depth is roughly the longitudinal center of gravity of the
shower, and its optimal mean value varies logarithmically
with the shower energy. There is also a dependence on par-
ticle type: electron showers have a maximum about one
radiation length less deep than photon showers. In the pos-
ition measurement used for both Island and Hybrid super-
clusters the depth is measured from the front face of the
crystals along the direction from the nominal vertex pos-
ition to the approximate shower position calculated using
the arithmetic energy weighted mean of the shower front
face centers. The energy dependence is accounted for with
a logarithmic parametrization [13].

The second feature that requires more detailed treat-
ment is related to the lateral shower shape. Since the en-
ergy density does not fall away linearly with distance from
the shower axis, but rather exponentially, a simple en-
ergy weighted mean of crystal energies is distorted and the
measured position is biased towards the center of the crys-
tal containing the largest energy deposit.

A simple algorithm, which yields adequate precision
consists of using the weighted mean, calculated using the
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logarithm of the crystal energy:

:ZmiWi
YW

with the sum over all crystals of the cluster, and where z;
is the position of crystal ¢, and W; is the log weight of the
crystal — the logarithm of the fraction of the cluster energy
contained in the crystal, calculated with the formula:

T

E;
W; =Wy+In ZEJ’ s
where the weight is constrained to be positive, or is other-
wise set to zero. Wy then controls the smallest fractional
energy that a crystal can have and still contribute to the
position measurement [13].

So far what has been described refers to the meas-
urement of the position of a single cluster. The position
of a super-cluster is calculated by making the energy-
weighted mean of the positions of its component clusters.
For an electron that has radiated into the material, this
method allows to reconstruct its position at production.

3.3.2 Energy measurement and corrections

The measurement of energy in the crystals is obtained by
simple addition of the deposits measured in the crystals —
although more complex estimators have been proposed [15].

Even in the areas not covered by the preshower detec-
tor the energy containment of the clustered crystals is not
complete. The reconstructed over the generator level en-
ergy distribution, Epeas/ Ftrue, Shows a peak at a few per-
cent less than unity, and a long tail on the low side due to
non-recovered bremsstrahlung energy. The Gaussian part
of the distribution corresponds, roughly, to the energy that
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Fig. 3. Material budget as a function of 7 for the different
tracker sub-units
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would be reconstructed from an electron in the absence
of bremsstrahlung. The amount of tracker material varies
strongly with 7, as shown in Fig. 3, and thus so does the
amount of bremsstrahlung radiation, so a variation in the
fraction of events in the tail as a function of 7 is expected.
This inevitably leads to a small variation in the peak pos-
ition as a function of 7.

The energy scale is “calibrated” using corrections de-
signed to place the peak in Fuyeas/Etrue at 1.0, see Fig. 4.
The corrections are parametrized in terms of the num-
ber of crystals in the cluster (f(Nery) corrections). This
helps to minimize the residual dependence on both FE
and n of the energy scale. Figure 5 shows, as an example,
Eneas/ Etrue as a function of the number of crystals in a re-
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Fig. 5. Emeas/FEtrue as a function of the number of crystals in
a Hybrid super-cluster together with a fitted polynomial func-
tion
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constructed Hybrid super-cluster, for electrons with 10 <
pr < 50 GeV /¢, together with a fitted polynomial function.

3.3.3 Energy and position measurement performance

For these performance figures an isolated Level-1 trigger
(Sect. A.2) is requested, which results in about 8% inef-
ficiency mainly due to bremsstrahlung radiation in the
isolation region (about 6%), but no trigger threshold is
applied.

Figure 4 shows the distribution of Eyeas/ Ftrue for pr =
35 GeV/c electrons reconstructed using the Hybrid algo-
rithm in the barrel, and using the Island algorithm and
the preshower in the endcap. The energy resolution is
parametrized in two ways: in terms of the fitted width of
the Gaussian part of the distribution (fitted between —1.5¢
and +2.00), and in terms of oeg, defined as the half-width
containing 68.3% of the distribution — if the distribution
is Gaussian then oeg is just the Gaussian sigma, when
the distribution has more significant tails then oeg pro-
vides some measure of this. The parameter oeg provides
a convenient measure of performance which adequately re-
flects final physics performance (e.g. in extracting signal
significance).

It is worth noting, as a comparison, that unconverted
photons with a flat pr spectrum in the range 10 < pp <
50 GeV/c can be reconstructed, in the barrel using a fixed
window in 7—¢ of 5 x 5 crystals, and in the endcap using
a 3 x 3 fixed window with impact position correction,
achieving in both cases a resolution of oeg/F = 0.9% at low
luminosity.

Figure 6 shows the position resolution in n and ¢ for the
same sample. Table 4 gives a more complete list of perform-
ance results for electron reconstruction in both the barrel
and endcap. Values for pp = 35 GeV /¢ electrons are given,
together with values for electrons having a flat pr spectrum
in the range 10 < pr < 50 GeV /c. The oqg value is not given
for the 7 resolution because it is, in all cases, the same as
the Gaussian fit value.
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Table 4. Energy and position resolution performance for barrel and endcap ECAL using electron samples
simulated with different pileup conditions, using single particles

electron sample

Energy resolution

Position resolution

a/E oot/ E a(n) a(9) Tert(®)

Barrel reconstruction; |n| < 1.4442 (Hybrid algorithm)

pt = 35 GeV /c (no pileup) 1.1% 2.2% 1.1x 1073 1.7 mrad 2.5 mrad
pr =35GeV/c (2x10%3 em™2s71) 1.2% 23%  1.1x107%  1.7mrad 2.5 mrad
pr=35GeV/c (103 cm™2s71) 1.5% 2.7%  11x107%  1.9mrad 2.7 mrad
10 < pr < 50 GeV /c (1034 em 257 1) 1.5% 34%  12x107%  2.1mrad 3.4 mrad
Endcap reconstruction; 1.566 < |n| < 2.5 (Island algorithm, and preshower)

pr = 35 GeV /c (no pileup) 1.2% 21%  1.8x107%  22mrad 3.4 mrad
pr=35GeV/c (2% 1033 cm™2s7 1) 1.6% 24%  18x107% 2.3 mrad 3.5 mrad
pr=35GeV/c (103 cm™2s71) 2.7% 34%  20x107%  29mrad 4.2 mrad
10 < pr < 50 GeV /c (1034 em 257 1) 2.9% 42%  22x107%  2.7mrad 5.1 mrad

3.4 Level-2.0 selection of electrons and photons

The first step of the HLT, using only calorimeter infor-
mation, is to reconstruct an ECAL super-cluster in a re-
gion specified by the Level-1 trigger. The super-cluster is
first required to fall within the precision physics fiducial
region of the ECAL, which is obtained by removing the
barrel/endcap transition region from the overall coverage
of |n| < 2.5 [16]. This transition region is strongly shad-
owed by tracker cables exiting through the gap between the
barrel and endcap. This region comprises the first trigger
tower in the endcap. The last two crystals in the barrel are
also removed from the trigger. The excluded area thus cov-
ers 1.4442 < |n| < 1.5660.

The super-cluster is then required to have Er above
a threshold which is chosen to give 95% efficiency for elec-
trons at the same point on the Er scale at which the
Level-1 trigger has 95% efficiency. The same threshold is
required for both objects in the di-electron trigger. At £ =
2 x 1033 cm ™25~ 'the thresholds are 26 GeV for the single,
and 14.5 GeV for the double electron trigger. The corres-

ponding thresholds at £ = 1034 cm™2s~! are 31 GeV and
16.9 GeV. This cut on the transverse energy reconstructed
in the ECAL increases the rejection of fake electrons by
about a factor of two.

Some refinements of this Level-2.0 selection can be en-
visaged, but have not been used in the basic selection
procedure for which results are here presented. Firstly, the
Level-3 selection uses cuts on purely calorimetric quan-
tities — ECAL isolation and an H/E (hadronic/electro-
magnetic) cut — which could be applied at an earlier stage.
Secondly, a significant contribution to the transverse en-
ergy resolution comes from the lack of knowledge, at this
stage, of the longitudinal vertex position. The contri-
bution to the fractional ET resolution, as a function of
7, due to a lo shift of the vertex longitudinal position
(5.3 cm), is shown in Fig. 7. A small improvement in effi-
ciency would be obtained by making the electron threshold
cuts in two stages: a looser cut at Level-2.0 followed by
the full set of cuts at a later stage, after the pixel match-
ing of Level-2.5 which gives a precise longitudinal vertex
position.
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3.5 Level-2.5: matching of super-clusters
to hits in the pixel detector

The matching of super-clusters reconstructed in the calori-
meter to hits in the pixel detector takes advantage of the
fact that the energy-weighted average impact point of an
electron and the bremsstrahlung photons it has radiated,
is precisely where a non-radiating electron would have
impacted. It is this space-point that the position meas-
urement of the super-cluster attempts to determine. This
point can be propagated back through the field to ob-
tain an estimate of the direction of the electron at the
vertex, and the hit positions expected in the pixel detec-
tor. Since most of the tracker material lies after the pixel
detector, most electrons do not radiate significantly be-
fore it, and most photon conversions take place after it.
So matching hits are given by most electrons and by few
photons.

The layout of the pixel system is shown in Fig. 8. The
continuous lines show the maximum values of the ECAL
barrel and endcaps and the dashed lines correspond to elec-
trons generated z = £15 cm away from the nominal vertex.
For the clusters at the ends of the ECAL barrel, pixel disks
are needed as well as barrel pixel layers. For endcap clus-
ters the mix of pixel barrel and pixel disk hits depends on
both the pseudorapidity and the z-vertex of the electron.
With the geometry used for this simulation study there is
a loss of efficiency in the high || region of the ECAL end-
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cap where, in some cases, the electron goes through only
one pixel layer.

The outer barrel layer and the outermost endcap disks
of the pixel detector is staged and may not be present at
the start-up of the experiment. The simulation of the HLT
selection at low luminosity is made by discarding pixel in-
formation in these layers.The method proceeds as follows:

1. The electromagnetic cluster gives the energy and the
position of the electron candidate. The transverse mo-
mentum is computed from the measured energy and
position of the cluster. The expected hit position on the
pixel layers is estimated by propagating the electron in-
wards to the nominal vertex using the magnetic field
map. A search area is defined in the innermost pixel
layer. It is unrestricted in z, and its width in ¢ (typ-
ically 40 mrad) is the main parameter used to control
the tightness of the pixel matching. The errors on the
calculated hit positions are due to the spread in z of
the vertex position and the precision of the ¢ measure-
ment in the calorimeter. At this stage the error on the
cluster ET measurement contributes very little to the
uncertainty on the expected hit position in the pixel
detector.

2. If a compatible hit is found within the search area
on the innermost pixel layer, a better estimate of the
longitudinal (z) vertex position is obtained by inter-
polating the line from the cluster through the corres-
ponding hit to the beam line. Nominal values (0,0)
for z and y coordinates of the vertex are assumed.
If no hit is found in the search area of the inner-
most pixel layer, the search is repeated in the next
layer.

3. The track is propagated from the newly estimated
vertex to the next pixel layer through the compati-
ble hit in the first (or second) layer. The dominating
uncertainty, in the r-¢ plane, results from the esti-
mate of the Er of the electromagnetic cluster, and
thus the radius of curvature of the electron track.
But this is a very small uncertainty since the dis-
tance from omne pixel layer to the next is short. In-
deed, assuming a hit on the r =4 cm layer, the dis-
tance between the hit predictions on the r = 11cm
layer for pp = 15GeV/c and pr = 20 GeV/c electron
would be 78 um — less than the size of a pixel. In
the r — z plane, the main uncertainty comes from the
vertex z.

Fig. 8. Full pixel detector (high
luminosity) with continuous lines
pointing from the nominal ver-
tex to the edges of the ECAL
barrel and endcap, and dashed
lines pointing from z = +15 cm,
cf. Appendix A.1
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4. If another compatible hit is found, the cluster is identi-
fied as an electron, if not, it is rejected as a jet. If there
are no compatible hits in the current layer, there may
be one more pixel layer left, and the search is repeated
there.

The search is made twice, once for each charge. In the
first step of the search the electron and positron search
areas can overlap, but in the second step, when a compat-
ible hit is propagated to another pixel layer, the pt needed
for the search areas of different charges to overlap is almost
1TeV/ec.

For low luminosity both the staged and full pixel detec-
tor configurations are investigated. Using the inner pixel
layers alone results in a large inefficiency (~ 7%) in the
staged pixel configuration, so the low luminosity staged
pixel detector algorithm supplements the pixel hits with
hits found in the first silicon strip layer of the tracker,
and regains some of the lost efficiency. More details of the
Level-2.5 pixel matching algorithm are given in [17].

The “rejection” versus efficiency obtained from the
Level-2.5 pixel matching is shown in Fig. 9, at (left) low
luminosity (£ =2 x10%3cm™2s7!), and (right) high lu-
minosity (£ = 103* cm~2s71). The efficiency is calculated
using an electron sample passing the Level-2.0 threshold.
The “rejection” is calculated from the single electron trig-
gers in the jet background passing the Level-2.0 threshold
and is the efficiency of the electron algorithm in a jet sam-
ple. In practice, single and double photon streams are cre-
ated by applying an Et threshold to the events rejected by
the pixel matching. For a 95% efficiency the rejection fac-
tors are 16.5 (12.5) at low (high) luminosity.

For the low luminosity case two different curves of the
efficiency versus rejection, corresponding to the full and
staged pixel detector configurations, are shown in Fig. 9
(left).

The performance at high luminosity, shown in Fig. 9
(right), is very similar to the low luminosity performance
without staging with respect to electron efficiency, but
there is a noticeable loss of rejection power which can be
attributed to pileup hits. The high luminosity figure also
shows the performance in a more restricted central region
(In| < 2.1) where the efficiency is noticeably better. A simi-
lar conclusion is reached at low luminosity (not shown).
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3.6 Level-3 selection of electrons and photons:
inclusion of full tracking information

The Level-3 selection includes all further requirements
needed to reach an acceptable rate to final offline storage.
The full event information, including tracks, is available,
but some of the cuts used — hadronic/electromagnetic en-
ergy fraction and calorimetric isolation — use only calori-
metric information.

3.6.1 Electrons

The Level-3 selection for electrons starts with electron
track-finding, seeded by the Level-2.5 pixel match. To
maintain high efficiency track-finding is made with very
loose cut parameters. Cuts are then made on both E/P and
on the distance between the super-cluster position and the
extrapolated track position in the ECAL in the longitudi-
nal coordinate, An (track-cluster), which is only slightly
distorted by bremsstrahlung. In the endcap a cut on the
energy found behind the super-cluster, in the HCAL, ex-
pressed as a fraction of the super-cluster energy, H/E, is
found to give useful additional rejection

Figure 10 shows, as an example, the E/P distribution
for barrel electrons, and for jet background electron candi-
dates in the barrel after selection at Level-2.5 followed by
loose track finding seeded with the Level-2.5 pixel matches.
When the distributions are broken down according to the
number of hits associated in the tracks, the width and pro-
portion of events in the tail of the distribution for electrons
is found to vary (electrons which radiate little have tracks
with more hits, and a better measured momentum). The
ratio of signal to background also varies with the number of
hits. Hence increased performance can be obtained by op-
timizing the E/P cut as a function of the number of hits in
the track.

Specifically, for the studies discussed below the fol-
lowing selection cuts were applied: E/P < 1.5 (2.45) for
the barrel (end cap), H/E < 0.028 in the endcap, and
in the barrel a track/ECAL position match in n (An
(track-cluster) < 0.028). At high luminosity the additional
rejection power of isolation cuts is used to reduce the
background to single electrons from jets. Three isolation
techniques have been studied: ECAL isolation, pixel-track
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Fig. 10. E/P for (upper plot) electrons and (lower plot) jet
background candidates in the barrel, after Level-2.5 selection
followed by track finding seeded by the Level-2.5 pixel hits
(£ =2x10% cm™2s™1). The background distribution has 30%
overflows

isolation, and full-track isolation. Track isolation has the
advantage that it is less sensitive to pileup, which is the
dominant source of signal inefficiency at high luminosity,
because only tracks associated with the primary vertex
are selected for the isolation cuts. The results presented
in the tables below use no isolation for electrons at low
luminosity, and a simple pixel-track isolation cut at high
luminosity.

Figure 11 shows the rejection against jet background,
plotted as the efficiency of the electron algorithm on the
QCD jet sample. This is compared to the efficiency for
signal electrons from W — ev events when a pixel-track
isolation cut is applied after the Level-2.5 selection at high
luminosity. In addition, only events where a track can be
made from the pixel hits of the Level-2.5 candidate are
used. The different points on the plot correspond to dif-
ferent cuts on the number of 3-hit pixel tracks with pp >
1 GeV/c found within cones of different sizes.

3.6.2 Photons

Further Er thresholds, higher than those applied at Level-
2.0, are applied to super-clusters of single and double
triggers that fail the Level-2.5 pixel matching. The events
passing these cuts form the photon stream. The di-
photon thresholds are asymmetric, chosen to be 5 GeV
lower than the offline analysis cuts envisaged for the
Standard Model H — ~+ search [16]. The single photon
thresholds are chosen to give an acceptable rate. Table 5
lists the thresholds and the rates before further Level-3
selection.
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Fig. 11. Rejection against jet background versus the efficiency
for electrons from Ws when a pixel-track isolation cut is ap-
plied after the Level-2.5 selection at £ = 10%* cm 2571, Reone
is the cone radius. The points represent different values of the
isolation (see text)

Backgrounds can be rejected using track isolation cuts
and by rejecting 7°’s based on the lateral shower shape.
Defining the longitudinal coordinate of the vertex is a sig-
nificant issue for the analysis of the H — -7y signal channel.
For events where one or more of the photons has con-
verted in the tracker, the track segment and the ECAL
cluster can be used to locate the vertex. The vertices
in the remaining events can be found using algorithms
that choose the track vertex associated with the larg-
est track activity. The efficiency for H — v is 80%—90%
for a jet rejection factor of 30—60 in the high luminosity
environment.

3.7 Summary of electron and photon HLT selection
3.7.1 Final rates to permanent storage

The electron and photon rates output by the HLT at
both low and high luminosity, broken down by contribu-
tion, are listed in Table 6. For the low-luminosity selec-
tion a loose calorimetric isolation has been applied to the
photon streams (ECAL Er in a cone of radius 0.45, ex-
cluding the supercluster, less than 3.5 GeV), but no iso-
lation beyond that of the Level-1 trigger has been ap-
plied to the electron streams. To control the two-photon
rate the thresholds have been raised to Er' > 40 GeV,
E1? > 25GeV (equal to the final offline cuts envisaged
for H — 7). This reduces the rate from 11 Hz to 5Hz,
and has a negligible effect on the efficiency, as is shown
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Table 5. Photon stream thresholds and rates before additional Level-3 cuts

Threshold

Single photon

Double photons Ep! > 35, Ep? > 20 GéV

Table 6. Electron and photon rates output by
overlap; (2) ©° conversions

2x10% cm ™25~ !

E1 >80 GeV (2x 1033 cm™2s71)
E1 > 100 GeV (103 cm~2s71)

Rate Rate
(2x10% ecm~2s71) (103 ecm2s71)
7Hz
10 Hz
85 Hz 382 Hz

the HLT at low and high luminosity. (1) 7t /x0

1034 cm—2s7!

Signal Background Total Signal Background Total
Single electron W — ev: 10 Hz (1):5Hz 33Hz W —ev:35Hz (1):15Hz 75Hz
(2): 10Hz (2): 19Hz
b/c— e: 8Hz b/c —e: 6Hz
Double electron Z — ee: 1Hz ~0 1Hz Z — ee: 4Hz ~0 4Hz
Single photon 2Hz 2Hz 4Hz 4Hz 3Hz T7Hz
Double photon ~0 5Hz 5Hz ~0 8Hz 8Hz
TOTAL: 43 Hz 94 Hz

Table 7. Efficiency for H — vy (My =115 GeVéc2) through

the complete selection chain, at £ = 2 X 1033 cm 257!

Both photons in
fiducial region

Photons passing
offline p1 cuts

Level-1 90.8% 92.3%
Level-2 98.7% 99.4%
Level-2.5 93.4% 99.1%
Level-3 92% 92%

Overall 7% 83.7%

(level-1 x HLT)

in the second column in Table 7. A fully optimized selec-
tion will also involve track isolation on the photon streams
(wholly or partly replacing the calorimetric isolation and
the raised threshold) and track isolation in the single elec-
tron stream. This can reduce the total rate to about 26 Hz,
of which only half is background, with the introduction of
only a small further inefficiency. For the high-luminosity
selection, pixel-track isolation has been applied to the elec-

Table 8. Efficiency for electrons from W

2% 1033 cm 257!

tron stream, and full track isolation has been applied to the
photon streams (no track with pr > 2 GeV/c in a cone of
AR=0.2).

3.7.2 Signal efficiencies for electron and photon HLT

The streams where most work is required to control
the background rates are the single-electron and double-
photon streams, so, the efficiencies for the decays W — ev
and H — v are used as benchmarks. Table 8 lists the ef-
ficiency for single electrons from W decay through the
complete selection chain, at £ =2 x 1033 cm™2s~! and at
£ =10%*cm~2s~!. Events are preselected requiring the
generated electrons to be within the ECAL fiducial region
of |n| < 2.5, with the region 1.4442 < || < 1.5660 excluded.
The geometric acceptance is approximately 60% and is not
included in the efficiency. The second and fourth columns
list the efficiencies for electrons that have pr greater than
the Level-1 and Level-2 95% efficiency point.

The efficiencies at £ = 1034 cm~2s~! are only slightly
lower than those at low luminosity. The main difference

decay through the complete selection chain

1034 cm 257!

Fiducial Fiducial
All fiducial electrons with ~ All fiducial electrons with
electrons pr >29GeV/c electrons pr >34GeV/c
Level-1 63.2% 87.2% 51.1% 83.2%
Level-2 88.8% 99.4% 82.9% 99.3%
Level-2.5 93.1% 94.6% 92.8% 94.1%
Level-3 81% 82% % 78%
HLT (Level-2 to Level-3) 67% 7% 59% 73%
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Table 9. CPU usage of the HLT electron selection for jet
background events at £ =2 X 1033 cmfzsfl, benchmarked on
1 GHz processors

HLT level Mean CPU time (ms)
Level-2.0 154 /Level-1 event
Level-2.5 32 /Level-2 event
Level-3 100/Level-2.5 event
Total 162 ms/Level-1 event

comes from the loss due to the additional isolation cuts —
typically a 5% loss per object.

Table 7 lists the efficiency for H — «+ for a Higgs with
mass My = 115 GeV/c? through the complete selection
chain, at £ =2x 1033 cm~2s~!. As in the previous table,
events are preselected, requiring that the generated pho-
tons fall within the ECAL fiducial region. The geometric
acceptance is 65%. The second column shows the efficiency
for events where the two generated photons satisfy, in add-
ition, the cuts currently assumed for offline analysis in this
channel — Ex! > 40 GeV, E1? > 25 GeV.

3.7.3 CPU usage for electron and photon HLT

Table 9 shows the CPU usage of the HLT selection, bench-
marked on 1 GHz processor, for jet background events at
low luminosity. At high luminosity the time taken for the
unoptimized global search for ECAL clusters at Level-2.0 is
greatly increased and the overall total CPU time per Level-
1 event, at a luminosity of £ = 10%* cm~2s~! is about three
times as large, as at £ =2 x 1033 cm~2s~!. Preliminary re-
sults indicate that this clustering time can be reduced by
a factor ~ 10 using regional reconstruction.

4 Muon identification

The muon selection for the HLT proceeds in two steps:
firstly, muons are reconstructed in the muon chambers,
which confirms the Level-1 decision and refines the pr meas-
urement using more precise information; secondly, the
muon trajectories are extended into the tracker, which fur-
ther refines the pr measurement. After each step, isolation
is applied to the muon candidates — the calorimeter being
used after the first step and the tracker after the second.
The muon track reconstruction algorithm used by the
HLT is seeded by the — up to four— muon candidates found
by the Level-1 global Muon trigger (see Appendix), in-
cluding those candidates that did not necessarily lead to
a Level-1 trigger accept by the global trigger. The algo-
rithm uses the reconstructed hits built from the digitized
signals in the muon system, and constructs tracks accord-
ing to the Kalman filter technique [18]. The resulting tra-
jectories are used to validate the Level-1 decision as well as
to refine the muon measurement in this Level-2 muon se-
lection. The basis of the Level-3 muon selection is to add
silicon tracker hits to the muon trajectory, thus greatly
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improving the muon momentum measurement and sharp-
ening the trigger threshold. Isolation criteria can be ap-
plied to the muon candidates to provide additional rejec-
tion: at Level-2 using the calorimetric energy sum in a cone
around the muon, and at Level-3 using the number of pixel
tracks in a region around the projected muon trajectory.
This suppresses muons from b, ¢, 7, and K decays.

4.1 Muon reconstruction
4.1.1 Muon standalone reconstruction and Level-2 selection

Reconstructed track segments from the muon chambers
are used for muon identification and selection at Level-2.
The state vectors (track position, momentum and direc-
tion) associated with the segments found in the innermost
chambers are propagated outwards through the iron yoke
using the GEANE package [19], which takes into account
the muon energy loss in the material, the effect of the mul-
tiple scattering, and the non-constant magnetic field in
the muon system. The estimate of the momentum from
the Level-1 global Muon trigger is used initially for the
track propagation in the magnetic field. The predicted
state vector at the next measurement surface is compared
with existing measured points and updated accordingly
using a Kalman filter technique. In the barrel chambers,
reconstructed track segments are used as measurements
in the Kalman filter procedure; in the endcap chambers,
where the magnetic field is inhomogeneous, it is the indi-
vidual reconstructed hits belonging to the track segments
that are used. Reconstructed hits from RPC chambers are
also included. The procedure is iterated until the outer-
most measurement surface of the muon system is reached,
at which point a constrained fit to the track parameters,
working from the outside in, is performed under the as-
sumption that the muon candidate originated from the in-
teraction region (defined by the beam spot size: o4y = 15 p
m and o, = 5.3cm; the beam spot can be determined
from minimum bias events at the very start of the run).
In both the forward and backward propagation just de-
scribed, a hit is not added to the muon trajectory if its
contribution to the total x? exceeds 25. The resulting track
parameters, propagated inward to the collision vertex, are
used to reject or accept the event for further Level-3 pro-
cessing. More details on this stand-alone muon reconstruc-
tion can be found in reference [20].

Figure 12 shows the resolution of the transverse mo-
mentum determined by the Level-2 constrained fit for
muons from W decays at high luminosity. The distri-
butions are broken up into three pseudorapidity inter-
vals: barrel (|| < 0.8), overlap (0.8 < || < 1.2) and endcap
(1.2 < |n| < 2.1). In these three regions, the fitted p reso-
lutions are 10%, 15%, and 16%, respectively.

4.1.2 Inclusion of tracker information and Level-3 selection

The Level-3 muon reconstruction consists of extending the
muon trajectories to include hits in the silicon tracker
system. Starting from a Level-2 reconstructed muon, the
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and p1"®¢ are the generated and Level-2 reconstructed

transverse momenta respectively, shown in three pseudorapidity intervals: a |n| < 0.8, b 0.8 < || < 1.2, and ¢ 1.2 < |n| < 2.1

muon trajectory is extrapolated from the innermost muon
station to the outer tracker surface, taking into account
the muon energy loss in the material and the effect of mul-
tiple scattering. As with Level-2, the GEANE package is
currently used for the propagation through the iron and
calorimeters. Silicon layers compatible with the muon tra-
jectory are then determined, and a region of interest within
them is defined to perform regional track reconstruction.
The determination of the region of interest is based on
the track parameters and uncertainties of the extrapolated
Level-2 muon trajectory, obtained with the assumption
that the muon originates from the interaction point as de-
scribed in the previous section. This has a strong impact
on the reconstruction efficiency, fake rate, and CPU re-
construction time: well measured muons are reconstructed
faster and with higher efficiency than poorly measured
ones.

Inside the region of interest, initial candidates for the
muon trajectory (regional seeds) are built from pairs of re-
constructed hits. The two hits forming a seed must come
from two different tracker layers, and all combinations
of compatible pixel and double-sided silicon strip layers
are used in order to achieve high efficiency. In addition,
a beam spot constraint is applied to muon candidates
above a given transverse momentum threshold to obtain
initial trajectory parameters.

Starting from the regional seeds, a track reconstruc-
tion algorithm based on the Kalman filter technique, is
used to reconstruct tracks inside the selected region of in-
terest. The track reconstruction algorithm consists of the
following steps: trajectory building (seeded pattern recog-
nition), trajectory cleaning (resolution of ambiguities) and
trajectory smoothing (final fit). In the first step, the tra-
jectory builder transforms each seed into a set of trajec-
tories. Starting from the innermost layer, the trajectory
is propagated to the next tracker layer that is reachable,
and updated with compatible measurements found on that
layer. In the second step, the trajectory cleaner resolves
ambiguities between multiple trajectories that may result

from a single seed on the basis of the number of hits and
the x? of the track fit. In the final step, all reconstructed
tracks are fit once again with reconstructed hits in the
muon chambers included from the original Level-2 recon-
structed muon, and selected on the basis of a x? cut.

Figure 13 shows the resolution of the transverse mo-
mentum determined by the Level-3 constrained fit as
expressed by the distribution of the quantity (1/pp°®—
1/p5™)/(1/p&™), where pf™ and pie© are the generated
and reconstructed transverse momenta, respectively.
Muons from W decays at high luminosity are used. The
distributions are broken up into three pseudorapidity in-
tervals: barrel (Jn| < 0.8), overlap (0.8 < |n| < 1.3) and
endcap (1.3 < |n| < 2.1). In these three regions, the fit-
ted pr resolutions are 1.0%, 1.4%, and 1.7%, respectively.
The improvement in resolution over the stand-alone muon
measurement from Level-2 is substantial.

The efficiency of the Level-3 tracking algorithm relative
to the Level-2 selection is shown in Fig. 14 as a function
of 7 for single muons with pr > 10 GeV/c and no pileup.
The muons were generated flat in pr up to 100 GeV /c. The
algorithmic efficiency is typically 99%, except in the pseu-
dorapidity interval 0.8 < |n| < 1.2, where the DT and CSC
systems have to be combined to reconstruct muons and the
efficiency is about 97%.

4.1.3 Muon isolation

The integrated rate of muons at LHC is dominated by
muons from b,¢, K, and 7w decays, as shown in Fig. 15.
These muons are generally accompanied by other nearby
particles, so they can be suppressed by isolation cuts.
Three isolation techniques have been studied. The first
(calorimeter isolation) is based on the standard technique
of summing the calorimeter energy in a cone around the
muon, and can be used with the stand-alone muon re-
construction at Level-2. However, as it is based on the
calorimeter, this technique becomes less effective at high
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luminosity as more pileup is included in the sum. The
second technique (pixel isolation) is based on the par-
tial reconstruction of tracks in the silicon pixel detector;
in this case, isolation is determined on the basis of the
sum of the transverse momenta of the tracks in a cone
around the muon. This method, which can be applied when
tracker information is included at Level-3, is less sensi-
tive to pileup, as only tracks originating from the same
collision vertex are considered. However, it requires the
reconstruction of three pixel hits out of the three layers
in the pixel detector for every track; for this reason, it is
sensitive to inefficiencies and may not be useful in stag-
ing scenarios where only two pixel layers are installed. The
third technique, tracker isolation, uses full tracks recon-
structed regionally. This method is more robust than pixel
isolation, but is more time consuming especially at high
luminosity.

For all three techniques, cones are defined by the con-
dition AR < AR ax, where, AR = \/(An)2 + (A¢)? with
An and A¢ the distances from the muon direction in
pseudorapidity and azimuthal angle, respectively. The
>~ Er deposited in the cone in the case of calorimeter iso-
lation or the > pr of tracks in the cone in the case of pixel
and tracker isolation are computed after subtracting the
muon contribution (the so called veto value) and compared
with a predefined threshold. For each algorithm, both the
cone size and the thresholds are chosen by maximizing the
rejection for a reference background sample while keeping
the efficiency for a reference signal sample above a given
nominal value (nominal efficiency). The threshold is deter-
mined independently in 52 bins in 7, in order to guarantee
a flat signal efficiency as a function of 7.

The rejection power of muon isolation algorithms de-
pends on the pr of the muon, since low-pt muons are
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usually accompanied by low energy jets that may be be-
low the isolation energy or momentum threshold. This is
particularly relevant at Level-2, where the feed-through
of low-pt muons, i.e. muons of low pr that are wrongly
reconstructed as high pr muons, contaminates the p spec-
trum even for high thresholds. To exclude these muons,
the reference background sample is defined as a sam-
ple of minimum-bias events containing only muons with
pr above 22 GeV /c (16 GeV/c) for high (low) luminosity.
The direct W — pv decay is used as reference signal since it
contains well isolated muons with adequate pt spectrum.

The result of the optimization procedure is that for any
predefined nominal efficiency value a cone size is chosen,
with thresholds defined in bins of pseudorapidity. For all
three isolation techniques, typical values of the optimal
cone size ARy ax vary from 0.2 to 0.3.

The main features of the three isolation algorithms are
briefly described in the following sections. A detailed de-
scription can be found in [21].

4.1.4 Calorimeter isolation

The calorimeter isolation algorithm uses the muon direc-
tion at the impact point for the definition of the cone
axis. The extraction of the energy deposits is done in-
dependently in the ECAL and the HCAL. The total en-
ergy is obtained as a weighted sum, Er = aEpECAL 4
ETHCAL, where o = 1.5 is found to be an optimum value
for the isolation technique. Thresholds on E and Er
in individual ECAL crystals and HCAL towers are ap-
plied in order to reject noise and pileup deposits. The
energy deposit in a small cone around the extrapolated
position of the muon on the ECAL/HCAL boundary is
used as veto value and subtracted from the measurement
in the cone. For ECAL, the transverse energy of crys-
tals within AR < 0.07 is subtracted. For HCAL, where
the segmentation is much coarser, the transverse en-
ergy of a single tower is subtracted, chosen as the tower

E of the muon p7 threshold and for
luminosity £ = 1034 cm 257! The
60 70 80 preakdown of the muon sources is

p} threshold [GeV/c] 1o chown

with highest deposit among those whose center lies at
AR < 0.1 from the muon extrapolated point. Thresholds
on the summed Et vary from 6.5 to 9 GeV for typical cone
sizes of 0.2.

4.1.5 Pixel isolation

A pixel reconstruction algorithm looks for pixel hits com-
patible with tracks with transverse momenta as low as
1GeV/c. The track candidates are used to fit primary
vertices; track candidates with no association to recon-
structed vertices are rejected. The algorithm returns a list
of vertices with the corresponding tracks and their mo-
menta. All pixel tracks contributing to the Y pr in the
cone are required to come from the same primary vertex
as the Level-3 muon, thus reducing the effect of pileup.
The veto value is defined as the pr of the muon candi-
date, i.e. of the pixel track closest in direction to the
muon, within AR < 0.015. Thresholds on the summed
pr vary from 1.8 to 3.8 GeV/c for typical cone sizes of
0.2. The pixel isolation algorithm can also be applied to
Level-2 muon candidates, but because the muon trajec-
tory is less well determined than Level-3 muon candi-
dates, the primary vertex requirement must be dropped
and the cone size increased. The performance of the iso-
lation algorithm is therefore different at Level-2 than at
Level-3.

4.1.6 Tracker isolation

The tracker isolation algorithm is based on the Y pr of
tracks reconstructed in a cone around the direction of the
Level-3 muon, neglecting the contribution from the muon
itself. Tracks are reconstructed using regional tracking, i.e.
track seeds are created using pairs of pixel hits in a region
of interest. The region is defined by a vertex constraint, the
minimum transverse momentum for the tracks to be recon-
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structed as well as a constrain on the track direction at the
vertex. Thresholds on the summed pr varied from 2.0 to
3.0 GeV /c for typical cone sizes of 0.2.

4.1.7 Performance

A general investigation of the isolation efficiency for sig-
nal muons and rejection of background is reported here,
whereas the performance with respect to specific Level-1
and Level-2 triggers is included in Sect. 4.2 and Sect. 4.3.
The isolation optimization procedure guarantees by con-
struction that the efficiency for the reference signal (W —
uv events) is flat as a function of the pseudorapidity and
equal to (or greater than) the chosen nominal efficiency.
The efficiency for the background depends on the pr of
the muon, as shown in Fig. 16a for the high luminosity
case when the efficiency for the reference signal is set to
97%. To show the performance of isolation algorithms, it
is necessary to specify the background sample and the
minimum generated muon pr to be taken into account.
This is particularly relevant for the Level-2 calorimeter
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isolation algorithm. In this case, the rate is dominated,
for any pr threshold, by the feed-through of very low-
pt muons, which cannot be rejected by the isolation al-
gorithms but should be rejected by the refined pr thresh-
old at Level-3. Figure 16b shows the rejection power of
the isolation algorithms, expressed as the efficiency for
background muons in minimum-bias events with p§" >
22 GeV /c at high luminosity, as a function of the pseudora-
pidity of the muon.

The efficiency for reference background muons versus
the efficiency for reference signal muons is shown in Fig. 17
at low luminosity with p&™ > 16 GeV /c and at high lumi-
nosity with p&™ > 22 GeV /c. The background rejection can
be adjusted by choosing different efficiencies for the refer-
ence signal.

4.2 Muon HLT selection

Here we describe a prototype inclusive muon trigger based
on the reconstruction and isolation tools discussed in the
previous sections to demonstrate the performance in the
muon HLT.
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4.2.1 Single-muon HLT selection

A single muon inclusive trigger is formed from the follow-
ing requirements. At Level-1, low quality CSC tracks must
be matched with RPC tracks by the global Muon trigger
in order to ensure a well-measured pr. Low quality here
means that there are no strong requirements on the num-
ber of muon chambers used, or on which of chambers in the
region crossed by the muon are used, to identify the muon.
At Level-2, a muon must be reconstructed in the muon sys-
tem and have a valid extrapolation to the collision vertex.
In the barrel region, at least one DT (drift tube) track seg-
ment reconstructed is required, and the sum of the number
of DT segments and RPC hits must exceed three. At Level-
3, a muon must have more than 5 silicon hits in total from
the pixels and silicon strips.

The overall efficiency for muons to pass the Level-1
through Level-3 single muon trigger criteria cumulatively
as a function of the generated 7 is shown in Fig. 18. Muons
were generated flat in the intervals 5 < pr < 100 GeV/c and
|n| < 2.1 without any pileup. The average combined Level-
1 through Level-3 efficiency without any requirements on
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the reconstructed pr is 97%, but is lower in some particular
regions because of gaps in the geometrical coverage of the
chambers.

The efficiency turn-on curves as a function of the gener-
ated p for two different pt thresholds are shown in Fig. 19.
The efficiency shown is the cumulative Level-1 through
Level-3 efficiency. The threshold at each trigger level is de-
fined at 90% efficiency (relative to the plateau efficiency),
and it can be seen that the improved pr resolution at
each successive level sharpens the turn-on curve. The effi-
ciency at Level-3 for high pr muons is around 95% for the
prvalues shown.

Additionally, for the HLT trigger, Level-2 muon candi-
dates must satisfy the calorimeter isolation criteria at the
97% efficiency point for the reference signal. At Level-3,
candidates must satisfy the tracker and pixel isolation cri-
teria (hereafter collectively referred to as “tracker isola-
tion” in the figures that follow) both at the 97% efficiency
point for the reference signal.

The single muon trigger rates as a function of the
pr threshold are shown in Fig.20 for both low lumi-
nosity (£ =2x 103 cm™2s7!) and high luminosity (£ =
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Fig. 19. Cumulative efficiency for single muons to pass the Level-1 (solid), Level-2 (dashed), and Level-3 (dotted) triggers as
a function of the generated pr for several trigger thresholds: a pp > 10 GeV /c, and b pp > 20 GeV /c
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Fig. 20. The HLT single-muon trigger rates as a function of the p threshold for a low luminosity and b high luminosity. The
rates are shown separately for Level-1, Level-2, and Level-3, with and without isolation applied at Levels 2 and 3. The rate

generated in the simulation is also shown

1034 cm~2s7!). The rates are shown separately for Level-1,
Level-2, and Level-3, with and without isolation applied at
Levels 2 and 3. Also shown is the single muon rate that was
generated in the simulation. The inclusive muon sample
consists of QCD background events (e.g. pion and kaons
decaying into muons), and genuine prompt muon produc-
tion processes such as W, Z and heavy flavor production.
The details are given in [9]. Due to the prresolution of the
trigger the trigger rates can be higher than the generated
rates. At low luminosity, the Level-3 inclusive single-muon
trigger rate can be reduced to 30 Hz with a pr thresh-
old of 18 GeV/c when the isolation criteria are applied.
The rate is about 100 Hz without isolation at Level-3 for
the same threshold. At high luminosity, a threshold of
38 GeV /c reduces the single-muon Level-3 rate to 30 Hz
with isolation (50 Hz without isolation), and a threshold
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of 31 GeV/c yields a rate of 50 Hz (100 Hz without isola-
tion). The reason why isolation achieves less rejection at
higher thresholds can be understood from Fig. 21, which
shows the contributions to the Level-3 trigger rate at high
luminosity from all sources of muons before and after all
isolation criteria have been applied. The isolation crite-
ria strongly suppress the contributions from b, ¢, K, and
7 decays. This reduces the HLT rate less at high thresh-
olds, however, where the single-muon rate is dominated
by W — uv decays. After the isolation criteria, W de-
cays account for 50% (80%) of the inclusive single-muon
rate for a threshold of 18 GeV/c (31 GeV/c) for low (high)
luminosity.

The efficiency of the HLT single-muon trigger to se-
lect W — pv and tt — p+ X events, where one of the top
quarks is required to decay in W — pv, is shown in Fig. 22

N
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Fig. 21. Contributions to the Level-3 trigger rate at high luminosity from all sources of muons a before and b after all isolation

criteria have been applied
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are for low luminosity

as a function of the pr threshold at low luminosity. Thresh-
olds are defined as the pr value for which the efficiency for
muons is 90% of the maximum attainable efficiency. Ap-
proximately 70% of both the W and top quark decays that
have a muon in the fiducial region |n| < 2.1 are recorded
by the isolated single-muon trigger for a pr threshold of
18 GeV /c. The efficiencies are 42% (53%) for W (top) de-
cays for a pr threshold of 31 GeV/c.

4.2.2 Di-muon HLT selection

The selection criteria for each muon in an inclusive di-
muon trigger are the same as those for the single muon
trigger, except that the isolation criteria need only be
satisfied by one of the two muons. In addition, at Level-
3, both muons are required to have originated from the
same vertex in z to within 5 mm (to reduce triggers from
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muons in separate pp collisions), whereas di-muons that
have A¢ < 0.05, |An| < 0.01, and Apt < 0.1 GeV /c are re-
jected in order to remove fake tracks [10].

The inclusive di-muon trigger rates are studied using
an inclusive di-muon sample consisting of QCD back-
ground events (e.g. pion and kaons decaying into muons),
and genuine prompt muon production processes such as
W,Z and heavy flavor production. More details are given
in [9]. The combined single and di-muon HLT rates are
shown in Fig. 23 as a function of both the symmetric
di-muon pr threshold and the single muon pr thresh-
old for both low and high luminosity. Candidate work-
ing points at low luminosity for a target rate of 30 Hz
is a single muon pr threshold of 19 GeV/c and a sym-
metric di-muon threshold of 7 GeV/c. Similarly, working
points at high luminosity are a single muon pr thresh-
old of 38GeV/c and a symmetric di-muon threshold
of 12GeV/c for a combined rate of 33Hz, or a single

20|
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Fig. 23. Combined single and di-muon trigger rates as a function of both the symmetric di-muon pr threshold and the single

muon pr threshold for a low and b high luminosity
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muon pr threshold of 31GeV/c and a symmetric di-
muon threshold of 10 GeV/c for a combined rate of about
55 Hz.

4.3 Muon HLT performance and timing
4.3.1 Efficiencies on Higgs signals

The single muon and di-muon efficiencies of the HLT se-
lection have been studied as a function of the Higgs mass
in the channel H — WW®) — puvv. The efficiency ver-
sus the single muon and symmetric di-muon thresholds,
is shown in Fig. 24 a and b, respectively, for Higgs masses
of 120, 160 and 200 GeV /c?. At low luminosity, for a sin-
gle muon threshold of 19 GeV /c and a symmetric di-muon
threshold of 7 GeV /c, the combined HLT efficiency is 92%
for a Higgs mass of 160 GeV/c?. For the channel H —
ZZ™) — pppp, the combined efficiency of the HLT is 98%
(99%) for a Higgs mass of 150 GeV /c? (200 GeV /c?) for the

[ L3 Singley afterIso |
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same thresholds at low luminosity. The efficiency becomes
97% (99%) for the thresholds at high luminosity. These effi-
ciencies are relative to those events with at least one muon
inside the geometric acceptance of the trigger, |n| < 2.1,
and all final-state muons (two or four, depending on the
channel) inside the full acceptance of the muon system:
In| < 2.4.

4.3.2 Final rates written to permanent storage

The overall muon HLT rates and efliciencies are sum-
marized in Table 10 for low luminosity and Table 11 for
high luminosity. The Level-1 thresholds used are a single
muon pr threshold of 14 GeV/c and a symmetric di-muon
threshold of 3 GeV /c at low luminosity, and a single muon
pr threshold of 20 GeéV /¢ and a symmetric di-muon thresh-
old of 5GeV/c at high luminosity. The HLT operating
point at low luminosity is a single muon pt threshold of
19 GeV/c and a symmetric di-muon threshold of 7 GeV/c,
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Fig. 24. Efficiency to select H - WW — 2 u2v decays after Level-3 and isolation cuts are applied as a function of a the single
muon p threshold and b the symmetric di-muon pr threshold. Efficiencies for Higgs masses of 120, 160, and 200 GeV/ c? are

shown

Table 10. Muon rates and efficiencies for the low luminosity selection. Both absolute
and relative efficiencies are shown, where the relative efficiency is given with respect to
the preceding Level (except for Level-3, which is respect to Level-2)

Efficiency for Efficiency for Efficiency for
Rate (Hz) W — uv tt— p+ X Z —

Level Single Double Rel. Abs. Rel. Abs. Rel. Abs.
Level-1 2700 900 0.90 0.94 0.99
Level-2 335 25 0.89 0.80 0.93 0.88 0.99 0.98
Calo isolation 220 20 0.97 0.77 0.90 0.79 0.98 0.95
Level-3 100 10 0.93 0.74 0.95 0.84 0.99 0.97
Level-3+calo 25 4 0.94 0.69 0.86 0.72 0.95 0.92
+tracker
isolation
Total 29 0.69 0.72 0.92
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Table 11. Muon rates and efficiencies for the high luminosity selection. Both absolute
and relative efficiencies are shown, where the relative efficiency is given with respect to
the preceding Level (except for Level-3, which is respect to Level-2)

Efficiency for

Efficiency for Efficiency for

Rate (Hz) W — pv tt— p+ X Z — pp

Level Single Double Rel. Abs. Rel. Abs. Rel. Abs.
Level-1 6200 1700 0.82 0.90 0.97
Level-2 700 35 0.70 0.58 0.83 0.74 0.96 0.94
Calo isolation 590 25 0.97 0.56 0.91 0.68 0.97 0.91
Level-3 100 10 0.78 0.45 0.89 0.66 0.97 0.91
Level-3+calo 50 5 0.94 0.42 0.88 0.58 0.94 0.86
+tracker

isolation

Total 55 0.42 0.58 0.86

and at high luminosity the operating point is a single muon
pr threshold of 31 GeV/c and a symmetric di-muon thresh-
old of 10 GeV /c. The efficiencies for selecting W, Z, and
top-quark decays to muons are also listed. The geometric
acceptance is factored out and is 50% for W decays, 71%
for Z decays, and 86% for top decays with at least one
muon satisfying |n| < 2.1.

4.3.3 CPU usage

The CPU usage of the muon HLT algorithms has been
benchmarked on an Intel 1 GHz Pentium-III CPU using
a sample of properly weighted minimum-bias events and W
decays, which give the dominant contribution to the rate.
The results are given in Table 12 for low and high lumi-
nosity. Each line represents the average time to process an
event passing the previous level. For Level-2, this repre-
sents the time to process an event passing a Level-1 sin-
gle muon trigger with a threshold of pp > 10 GeV /c (pt >
18 GeV/c) at low (high) luminosity. This value, which is
lower than that proposed in the previous section, leads to
a conservative CPU estimate because lower pp muons take
more time to reconstruct. The same pr thresholds are ap-
plied at Level-2 and Level-3.

Also shown in the table, is the time to complete the
HLT algorithm excluding the GEANE routine for propa-
gation through iron, which is significantly less that the
total time. Clearly there are substantial gains to be made
by replacing GEANE with a faster method. For calorime-
ter isolation GEANE is used for propagation to the
ECAL/HCAL boundary. The total time listed in the last
row represents the average time spent per Level-1 event by
the muon HLT algorithms, factoring in the rejection power
at each level that reduces the rate to the next level. This
time amounts to approximately 700 ms per Level-1 accept,
including the time spent in GEANE.

5 Jet identification

5.1 High level trigger jet selection

To identify and select a jet object at HLT, a simple and fast
iterative seed cone algorithm is used. The algorithm uses
all the calorimeter towers and has two parameters: (i) the
size of the cone R = /0% + A¢? in - space and (i) the
seed threshold. Partons after hadronization are “clustered”

Table 12. CPU usage of the muon HLT algorithms at low and high luminosity on
1 GHz processors. The values given represent the average time to process an event
passing the previous trigger Level. Also listed is the time without the contribution of

the GEANE propagation routine

Mean CPU Time (ms/event)
L£L=2x103 cm 21
pr > 10GeV/c

Mean CPU Time (ms/event)
£=10**cm 257!
pr > 18GeV/c

HLT Algorithm Total  Excluding GEANE  Total Excluding GEANE
Level-2 640 100 580 100
Calorimeter isolation 100 25 90 40
Level-3 420 200 590 420
Pixel isolation 65 65 320 320
Tracker isolation 190 190 370 370
Total/L1 event 710 125 660 150



630

05
0.45
04
0.35
0.3
0.25
0.2
0.15
0.1
0.05

o/E;

LA LA ERA LN AR AL AR LAY RAREE LAALE LERR!
I I | | ] | ] I I

“ERENETE FETE AR SETE FARY FWl RN AT SR

0 0 20 40 60 80 100120140160180200
E. (GeV)

The CMS Collaboration: The CMS high level trigger

o

[\l

w
Tli!ll[l[|TTITI|lI|‘|TIlTll]llTlIllTlIlllTIl‘ll

-]III]IIIlll!l1][111]IIIIIIIIIIIIIIIIIII

0
0 20 40 60 80 100120140160180200
E. (GeV)

Fig. 25. Jet ET resolution as a function of generator jet E, for two cone sizes (0.5 and 0.7) for jets with |n| < 1 (left) and 3.5 <

In| < 4.5 (right)

at particle level into generator-jets and matched in n—¢
with the reconstructed jets. At the parton level, the jet en-
ergy is contained in a reasonably narrow cone in n—¢ space.
Taking into account soft gluon emission the jet energy reso-
lution is optimized for a larger cone size. However when the
jets are reconstructed from calorimeter towers, the larger
the cone used, the greater the noise contribution, both due
to the electronics and due to the pileup plus underlying
event energy depositions.

The jet energy resolution is defined as the R.M.S. of
the difference between the generator-level jet Et and the
reconstructed jet Er divided by the generator-level jet
Er(s/ET). A comparison at high luminosity conditions of
the jet energy resolution is shown in Fig. 25 for 0.5 and 0.7
cone jets and for two rapidity regions, |n| < 1, and 3.5 <
[n| < 4.5. For low jet Et and across both rapidity regions
a cone size of 0.5 results in better jet energy resolution.
The performance of the algorithm at the trigger level for
the two different cone sizes is also tested with respect to
the di-jet invariant mass resolution. A comparison of the
reconstructed di-jet invariant mass, for the jets that most
closely match the W decay partons in tt events and for
two different cone sizes, is shown in Fig. 26. The di-jet mass
resolution, 18 GeV /c?, (s from the Gaussian fit of the core
of the distribution) is improved for 0.5 cone jets compared
to 22.5 GeV /c? for 0.7 cone jets. The seed threshold causes
an inefficiency for low Et jets that depends on the de-
tails of jet fragmentation. The requirement of a seed at the
trigger level helps reducing the number of low Er jets (typ-
ically less than 50 GeV) resulting from noise and pileup,
and speeds up the time for jet finding. Figure 27 shows the
jet reconstruction efficiency as a function of the jet Er for
different values of the seed threshold. Since none of the
current trigger selections use jet thresholds below 40 GeV,
a 2 GeV seed is chosen. At high luminosity, low Er jets
from the hard scattering can be promoted to high E jets.
This can occur when either particles or a low Ev jet from
a pileup interaction impact the calorimeter close to one
of the low Er jets of the hard interaction. The resulting
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Fig. 26. The reconstructed di-jet mass for the jets that most
closely match the W decay partons in tf events for the two dif-
ferent cone sizes as indicated (£ = 1034 cm™2s71)

higher Et jet is referred to as a “fake jet”. Fake jets can
also be found when particles from different interactions im-
pact in the proximity of each other in the calorimeter. In
addition, the magnetic field sweeps charged particles with
transverse momentum below 0.77 GeV/c out of the bar-
rel and into the endcap region of the calorimeter. This
sweeping effect prevents more than half of the charged par-
ticles pointed toward the barrel from actually striking the
calorimeter, severely altering the transverse energy distri-
bution in the underlying and pileup events. Above 40 GeV,
the number of fake jets is found to be small.

There is no unambiguous way to classify a jet as “fake”
or “real”. Most jets found by the jet finder contain some
particles from the hard interaction and some particles from
the pileup events. The degree of “fakeness” that is ac-
ceptable will vary according to the particular trigger and
physics channel. In general, fake jets tend to (i) have
low E7, (ii) be near the HE/HF boundary and (iii) have
a broader transverse profile.
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Fig. 27. Efficiency to find an offline jet that matches a genera-
tor-Level jet, as a function of the generator-Level jet Et at high
luminosity for different seed thresholds

As an example of fake jet rejection, Fig. 28 shows it is
possible to keep real jets with Er > 20 GeV with a reason-
able efficiency while suppressing fake jets. For this study
the discriminating variable used is the fraction of the jet
E1 contained in a 0.25 cone. For an 80% efficiency of select-
ing real jets (matched in 7—¢ with the generator level jet),
about half of the fake jets are rejected.

5.2 Jet energy scale corrections

The CMS calorimeter system is optimized for the precision
measurement of electrons and photons. It has a non-linear
response to pions. Since the energy of a typical pion in
a jet is roughly proportional to 1/sinf, the response of
the calorimeter to jets of a given transverse energy varies
with 7 requiring jet energy-scale corrections. The jet en-
ergy has to also be corrected for noise in the electronics and
for pileup energy.

The Monte Carlo jets are calibrated on average to the
generator jet energy. This technique is expected to yield
results that are virtually identical to those that would be
obtained from a full calibration sing photon-jet balanc-
ing in photon plus jet data. Figure 29 shows the size of
the typical correction for HLT jets obtained from simu-
lation, for low and high luminosity running conditions.
The correction can be as large as 20% for low-Er (40 GeV)
jets. The main effect of the corrections is the removal of
the n dependence from the trigger efficiency, while the
jet energy resolution is improved only slightly. The reso-
lution of the EtT measurement for jets before and after
corrections, at both low and high luminosity, is shown
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Fig. 28. Signal efficiency versus background efficiency for re-
moving fake jets. The fraction of the jet Et in a 0.25 cone is
used as a discriminating variable

in Fig. 30 for cone 0.5 jets. The resolution for high Er jets
(E1>300 GeV) is similar at low and high luminosity, while
the resolution at lower Et values is significantly worse at
high luminosity.

5.3 Jet rates

The jet rates should be insensitive to the details of the
simulation and robust against plausible changes in jet al-
gorithms. Figure 31 shows the single jet trigger rates (at
low and high luminosity) for jets reconstructed at the gen-
erator level using particles from only the hard scattering
(labeled “Signal GenJet”) and using generator-level par-
ticles from all interactions (labeled “in-time GenJet”). The
figure also shows the HLT jet rates both before and after
jet energy scale corrections. At fixed Er, the high luminos-
ity rates are about five times larger than the rates at low
luminosity, as expected.

Figure 32 shows the HLT rates of single, 3- and 4-jet
triggers at low and high luminosity as a function of the cal-
ibrated jet E threshold.

The generator-level Et of jets with 95% trigger effi-
ciency (HLT or L1) that corresponds to a given threshold
on calibrated and reconstructed jets is shown in Fig. 32
and Table 13. The relationship between the value of the
threshold and the generator-level jet Er is linear.

Note that the democratic 1 kHz at L1 and 1 Hz at HLT
per jet trigger rate is a working example. The Et thresh-
olds for exclusive jet triggers are very high. Most HLT
physics triggers require reasonably low jet ET thresholds
and additional physics objects (e.g. leptons, photons) re-
sulting in acceptable rates.
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6 Missing energy identification

The calorimeter information is used to measure the missing
transverse energy (Fr, MET or ERs%) and identify neutri-
nos or other weakly interacting particles that escape detec-
tion. A simple algorithm calculates the Fr as the negative
vector sum of the Et of all towers (above a threshold of
Er(tower) > 500 MeV). The polar angle of each tower cen-
ter is calculated with respect to z = 0. Algorithms that
incorporate jet energy scale corrections in the Jir recon-
struction have been studied.

In the refered to as “Type-I” Fr corrections uncor-
rected jets with E1 > 30 are vectorially subtracted from

the Frand corrected jets are vectorially added, while no
correction is applied for the unclustered energy. In “Type-
II” Frr corrections the jet energy scale corrections for jets
with Er > 30 GeV are used and in addition the unclustered
towers are corrected. Figure 33 shows the mean differ-
ence between the generator-level fir and the reconstructed
Frr for three different Fr algorithms as a function of the
generator-level fir. The study uses a SUSY sample gener-
ated with squark and gluino masses of ~ 500 GeV /c? where
the final state is multijets and large missing energy from
the neutralinos. The same figure also shows the RMS of
this difference. The jet energy scale corrections reset the
Frr energy scale, but do not improve the Fr resolution.
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trigger rates before and after jet energy scale corrections. The
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6.1 Fr rates

A large source of background for Frr triggers is inclusive di-
jet production. Large mismeasurements are expected when
one jet impacts in a low response part of the calorimeter
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in which case the Fr will tend to be along the direction
of the under-measured jet. At large Fr efficient rejection
of mismeasured QCD events can be achieved using the
A¢ correlation between the leading and second leading
jet.

Figure 34 shows the rates when a jet with Er above
a given threshold is also required as part of the trigger.
To facilitate comparisons between different algorithms and
experiments we plot the rates as a function of the re-
quirement that corresponds to 95% efficiency for a given
generator-level Fr. The reference process used to define
the mapping between generator-level frrand reconstructed
Fr is Higgs production via vector-boson fusion and de-
cay in WW with a final state of two leptons and missing
energy. The rate plots depend on the signal sample that
was used to perform this mapping. Above generator-level
Frr of about 50 GeV, the relationship between the cut value
and the generator-level P is approximately linear. Fig-
ure 35 shows these rates at both low and high luminosity
for Level-1 and HLT Jr. Studies of explicit physics HLT
selection with Fr are given in Sect. 9.

6.2 CPU timing studies for jet/Fr reconstruction

The results of the CPU timing studies (using a 1 GHz
CPU) on jet and missing transverse energy reconstruction
algorithms are shown on Table 14. The CPU time needed
to reconstruct jets and Frr is about the same for the sig-
nal and background samples. At low luminosity, tower-
building takes about 75% of the reconstruction time, and
jet and Jr reconstruction about 25%. At high luminosity,
tower-building and jet-finding each take about 50% of the
time, while the time required for the reconstruction of fr is
negligible.

N = 1034cm2s!
2., C ahln ‘ated quk’ Jet .
& ------ Single Jet, 95%Eff

—h
(=]

Calibrated Triple Jet -
Triple Jet, 95% Fff

( ‘alibrated )uad
uad Jet,

Jets (R-O 5)

> l‘"j. Il
600

F Il" J
400

0 200 800

E(GeV)

Fig. 32. HLT rates for single, 3, and 4-jet triggers as a function of the calibrated jet ET on the z-axis (blue/darker curves). The
same plot shows also the rate for the threshold that gives 95% efficiency for the generator- E on the z-axis (red/lighter curves).

Results are for low (left) and high (right) luminosity
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Table 13. Jet rate summary table. The table gives the generator-Level jet E1 where
the threshold (in GeV) on the reconstructed jet ET gives 95% efficiency. The actual
value of the threshold on ET that corresponds to the 95% efficiency points is given in
parenthesis. The threshold is chosen to give a rate of 1 kHz (Level-1) and 1 Hz (HLT)

1-jet trigger 2-jet trigger 3-jet trigger 4-jet trigger

GeV GeV GeV GeV
low luminosity Level-1 177 (135) 140 (104) 85 (57) 70 (45)
high luminosity Level-1 248 (195) 199 (153) 112 (79) 95 (64)
low luminosity HLT 657 (571) 564 (489) 247 (209) 149 (122)
high luminosity HLT 860 (752) 748 (652) 326 (275) 199 (162)
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Fig. 33. (Left) Mean difference between the generator-Level fr and the reconstructed Fr for three different fr algorithms as

a function of generator-Level Fr. (Right) R.M.S of the difference as a function of the generator-Level fr. The analysis is done for
L£=2x10%cm %!
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Table 14. CPU requirements for jet and F reconstruction in the HLT. Times are in 1 GHz

CPU ms

Data Sample A/H — 11

My = 500 GeV /c?

inclusive di-jets
50 < pr¥d < 80 GeV /c

Luminosity 2x10¥ em™ 257! 10 em 257! 2x 108 em 257! 103 em 27!
tower-building 26 38 24 36

jet reconstruction 9 34 9 45

Fr calculation 5 7 5 7

total jet/ K

reconstruction 14 42 14 43

7 ldentification of 7-jets

The HLT 7 selection and identification algorithms are de-
signed to select one or two isolated 7-leptons such as those
expected from the MSSM Higgs decays A°/H® — 77 and
H™T — 7v. For these benchmark channels the final-states
considered are one T-jet, a lepton (e/u) plus a 7-jet or
two 7-jets. The algorithms are studied at both low and
high luminosity. In the former case two detector configura-
tions are considered: the full pixel system and the possible
staged pixel system! (see also Sect. 1). We assess the per-
formance of the algorithms by measuring the selection effi-
ciencies of the benchmark signal samples A°/H® — 77 and
H™* — 7v and the corresponding efficiency of the QCD di-
jet background. Attention is paid in minimizing the CPU

! The nominal pixel detector configuration with three barrel
layers and two forward disks is referred to as the full pixel de-
tector whereas the start-up detector with only two barrel layers
and one forward disk is referred to as the staged pixel detector
configuration.

time required for the selection. Both signal and QCD di-jet
background samples are required to pass the Level-1 trig-
ger selections discussed in Sect. 1.

The QCD di-jet event samples were generated with
PYTHIA 6.2.2 in several different bins of pp?®*%. Most of the
contribution to the Level-1 7-trigger rate (~ 89%—-95%)
results from three momentum regions: 50 < ppPd <
80GeV/c, 80 < pp"™d < 120 GeV/c and 120 < pphd <
170 GeV /c. We use these bins to evaluate the QCD back-
ground rejection at the HLT selection. We select signal
events at the generator level with loose offline analysis re-
quirements on leptons (e and p) and 7-jets [23—25]:

— A%/ HC = 77 — £+ T-jet:
— prt > 14GeV/c,
— pr” % > 30 GeV /c,
— | <24,
— pTeY < 2.4

— A°/H® — 77 — 27-jet:
— pp7 % > 45 GeV /c,
— |pm < 2.4
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— HY — 7v — 7-jet:

— pr7 I >80 GeV/c,

— [pTet < 2.4
The identification of T-jets involves information from both
the calorimeter and tracking detectors. In the analyses that
follow “first (second) Level-1 7-jet” is the first (second)
jet from the 7-jet list provided by the global calorimeter
trigger (Sect. A). Jets in this list are sorted in descending
ordered in Ep. Correspondingly “first (second) Calo jet”
is a jet reconstructed with the calorimeter in a region cen-
tered at the first (second) Level-1 7-jet.

7.1 Calorimeter-based T selection

The 7-lepton decays hadronically 65% of the time, produc-
ing what we refer to as a 7-jet. This is a jet-like cluster
in the calorimeter containing a relatively small number of
charged and neutral hadrons. When the pr of the 7-jet is
large compared to the 7 lepton mass, these hadrons have
relatively small momentum in the plane transverse to the
T-jet axis. In 77% of hadronic T decays, the 7-jet consists
of one charged hadron and a number of 7°’s (one prong de-
cays). Because of these features hadronic 7 decays produce
“narrow” jets in the calorimeter. About 90% of the 7-jet
energy is contained in a small cone of radius AR = \/An2 +
Ag@? 0.15 to 0.20. In 7-jets with E1 > 50 GeV 98% of the
transverse energy is contained in a cone of 0.4. Therefore
we use as a selection criterion the level of isolation of the 7-
candidate jet in the electromagnetic calorimeter. We define

-Pisol as:
Py = Z Et— Z Er (1)

AR<0.4 AR<0.13

where the sums are over transverse energy deposits in the
electromagnetic calorimeter, and AR is the distance in 17—
¢ space from the 7-jet axis. The identification of a 7-jet
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at the HLT begins with the reconstruction of a jet in a re-
gion centered at the Level-1 7-jet. The iterative cone algo-
rithm ([26]) with a cone size of 0.6 is used. The algorithm
uses as input only the calorimeter towers located within
a cone of radius 0.8 around the Level-1 7-jet direction. Re-
stricting the number of towers considered by the jet finder
(“regional jet finding”) results in a considerable speed-up
of the jet finding process. For each jet found, the electro-
magnetic isolation parameter P is calculated. Jets with
P < Pl‘;glt are considered as 7 candidates.

We refer to the identification of a 7-jet using the
calorimeter as the “Calorimeter Tau” trigger (also “Calo
Tau”). The efficiency of the Calorimeter Tau trigger for the
A°/H® — 77 — 27-jet and QCD di-jet background events
for two values of the Higgs mass when the value of the
Piso1®" is varied (between 1 GeV and 20 GeV in 0.2 GeV
steps) is shown in Fig. 36 for low and high luminosity. In
the analysis the calorimeter 7 identification is applied to
the first calorimeter jet. The Calorimeter Tau trigger op-
timization can be found in [27]. The efficiency of the Higgs
selection is largely independent of the Higgs mass when
MHiggs > 200 GeV. The entire selection procedure is very
fast, as is shown in Table 15 where the times required to
build calorimeter towers, for regional jet-finding and for
the calculation of the isolation parameter Py, are listed.

7.2 Pixel-based T selection

The identification of a 7-jet using charged particle tracks
is also based on isolation criteria. Calorimeter triggers pro-
vide a region in which isolated groups of tracks that are
well matched to the jet axis given by the calorimeter can be
searched for. The corresponding isolation criteria require
the reconstruction of low-pr tracks with good efficiency
and an acceptably low fake rate. A precise measurement
of the track pr is not necessary. A fast track-finding al-
gorithm using only pixel data meets these requirements.
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Fig. 36. Efficiency of the Calorimeter Tau trigger when applied to the first calorimeter jet in A° JH O s rro 27-jet and QCD
di-jet events. Mz = 200 and 500 GeV /c? for low (left) and high (right) luminosity
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Table 15. CPU time in ms of a 1 GHz CPU, for 7-jet identifi-
cation with the calorimeter in QCD di-jet events

Time (ms)
Reconstruction step 2% 1033 cm 257! 10%* cm 257!
Build calorimeter 24 39
towers
Regional finding 9 15
of Calo jets and
Py, calculation
Total time 33 54

Identification of 7-jets with the pixel detector will be re-
ferred to as the “Pixel track Tau” trigger.

The principle of 7-jet identification using the pixel de-
tector is shown in Fig. 37. The direction of the 7-jet is
defined by the axis of the calorimeter jet (denoted “Lvl-2
7-jet axis”). The track-finding algorithm first reconstructs
all track candidates (“pixel lines”) and then the interaction
vertices from the tracks using a histogramming method.
Track candidates in a matching cone R, around the jet di-
rection and above a threshold pt™ are considered in the
search for the signal tracks. The leading signal track (trq
in Fig. 37) is defined as the track with the highest pr.
Similarly, the vertex from which the leading signal track
originates is considered to be the signal vertex (SV'). Any
other track from the SV which is within the narrow sig-
nal cone Ry around tr; is assumed to originate from the
7 decay. Tracks consistent with the SV ( within 2 mm of
the SV) and with transverse momentum above a thresh-
old pr! are then searched for inside a larger cone of opening
angle R;. If no tracks are found in the R; cone except for
the ones which are already in the Ry cone, the isolation
criteria are fulfilled. The optimal values of the cone size
R, signal cone size R, and the thresholds pt™ and pr*
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Fig. 37. Sketch of the basic principle of 7-jet identification
using charged particle tracks

for 1- and 3-prong 7-jets from A°/H® — 77 decays and for
Higgs mass My > 200 GeV /c? are: Ry = 0.07, Ry, = 0.10,

m = 3 GeV/c and pr’ =1 GeV/c [28]. The only remain-
ing free parameter is the size of the isolation cone R;. The
efficiency of the Pizel track Tau trigger, at both low and
high luminosity is shown in Fig. 38 when the size of the
isolation cone is varied in the range of 0.20-0.50. Pixel
7 identification has been applied to the first calorimeter
jet in A°/H® — 77 — 27-jet and QCD di-jet events. The
degradation of the performance at high compared to low
luminosity is due to high pixel detector occupancy that re-
sults in readout inefficiency as well as the contamination

—_
T

i L= 10 cm 25
_le Tau Trlgger on. flrst Calo je

g
‘o

ERS=O.;O7, Ri is vag‘led 0;_2-0.5:

¢(H(200, 500 GeV)—11, T—1,3h+X)
o o o
(o] ~ (o]

o
&)
r

_ v M _2ooeev
L 1

0005 0,05 0.06 0.06 0.1 0.2 0.14 0.6 0.18
£(QCD 50-170 GeV)

0.4
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Table 16. CPU time, in ms of a 1 GHz CPU, for 7-jet identifi-
cation with the pixel detector for QCD di-jet events

Time (ms)
Reconstruction step 2 x 1033 cm 257! 1034 cm 257!
Build clusters from 44 100
pixel digitized data
Reconstruct pixel 34 262
lines and vertices
Total time 78 362

of charged-particle tracks from pileup in the isolation cone
coming from a vertex other than the hard collision vertex.
The selection is independent of the Higgs mass. Compari-
son between the full and staged pixel systems shows that
at constant QCD background rate, the signal efficiency is
degraded by approximately 10% in the staged configura-
tion. The timing performance of the Pizel track Tau trigger
algorithm is shown in Table 16. It includes the time to re-
construct clusters from the digitized pixel data and the re-
construction time of the pixel lines and vertices. The time
used by the isolation algorithm itself is negligible.

7.3 Regional track finding 7 selection

Identification and selection of 7-jets is also performed using
information from tracks reconstructed with the full Sili-
con Strip Tracker. This selection will be referred to as the
“Track Tau” trigger [29]. The Track Tau trigger performs
the reconstruction of only those tracks in restricted re-
gions of interest (regional tracking), defined by the cones
around each jet direction given by the calorimeter jet re-
construction. The signal vertex is first selected using the
pixel detector, as the vertex with the maximum »_ |Pr|
of the associated pixel lines. The regional tracking tech-
nique is applied at the seeding level (regional seeding) in
order to minimize the seed multiplicity, significantly reduc-
ing the CPU time of the algorithm. A special track finder
uses pixel lines in a cone of AR = 0.5 around the calorime-
ter jet direction as track seeds. After track reconstruction,
only tracks compatible with the signal vertex are taken into
account. A further improvement of the timing performance
is obtained by stopping the track reconstruction when six
hits have been associated with the track helix. This gives
an acceptable resolution on the track parameters and a low
fake rate. At the seeding level an option is adopted which
uses two pixel hits out of three pixel layers (“2-hit recov-
ery”) since it increases the seeding efficiency. The Track
Tau trigger relies on an isolation requirement similar to
the one used in the Pizel Tau trigger. To reduce the con-
tamination from soft tracks, only tracks with pr > 1 GeV/c
and zg compatible with the z position of the signal vertex
(within 2 mm) are considered. The number of tracks within
a signal cone and within an isolation cone are counted. The
cones are defined around the direction of the leading track
which is the highest-pt track found in the matching cone
(Rm = 0.1) around the calorimeter jet direction. The isola-
tion requirement is that there be no tracks in the isolation
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cone except those contained within the inner, signal, cone.
The cone sizes are chosen to optimize the signal efficiency
and background rejection and also to minimize the depen-
dence of the efficiency on the jet energy. Higher background
reduction can be obtained by requiring the transverse mo-
mentum of the leading track, pt™T, to exceed a few GeV /c.
Due to the strong dependence of the track pt spectrum on
the Higgs mass and on the 7 hadronic decay mode, the
leading track transverse momentum requirement is care-
fully optimized.

Figure 39 shows the Track Tau trigger performance
when applied to the first calorimeter jet in A°/H® — 77 —
27-jet signal events, and to QCD di-jet background events.
The different points correspond to different sizes of the iso-
lation cone R; which was varied between 0.2 and 0.45. The
performance at £ =2 x 1033 cm~2s7lis studied for both
the full and staged pixel detector configurations. For the
same QCD di-jet background efficiency, the signal effi-
ciency is reduced by about 15% in the staged pixel sce-
nario. Since the algorithm has to fulfill stringent CPU time
limitations particular attention has been paid to its opti-
mization.

7.4 MSSM neutral Higgs 27-jet selection
with calorimeter and Pixel Tau triggers

A complete HLT selection for A%/ H? — 77 — 27-jet events
can be defined using the Calorimeter Tau trigger selection
applied to the first calorimeter jet, and the Pizel track Tau
trigger selection applied to both calorimeter jets. Table 17
gives the purity of the selected jets in gg — bbA°/HO,
A°/H® — 77 — 27-jet events with My = 500 GeV /c?, de-
fined as the fraction of calorimeter jets which correspond
to a true 7-jet. To increase the purity of the second jet the
following search algorithm is applied: if a second Level-1 7-
jet does not exist in the list or if it exists but the Et of the
second calorimeter jet is less than 50 (70) GeV at low (high)
luminosity, a new calorimeter jet in the region centered on
the first Level-1 central jet is reconstructed. The purity of
the second jet when chosen in such a way is increased to
about 90% (the numbers in parentheses in Table 17 corres-
pond to the purity of the selection when this re-definition
algorithm is not applied). Usage of the Calorimeter Tau
trigger as a pre-selector before applying the Pizel track
Tau trigger allows considerable reduction of the total CPU
time per event. The requirements are optimized by ex-
amining the background rejection of the Calorimeter Tau
trigger step (Scalo), the efficiency for the signal, and the

Table 17. Purity of calorimeter jets in A°/H? — 77 — 27-jet
events at low and high luminosity. Numbers for the second
jet without (with) parentheses are the purity after (before) re-
definition of the second jet (see text)

L£=2x10% cm 257! L£=10% cm 257!

1st jet
0.98

2nd jet
0.90(0.63)

1st jet
0.98

2nd jet
0.88(0.65)
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CPU time usage, while keeping a suppression factor of the
full HLT selection of ~ 103. Results of such a study for
My = 200 GeV /c? are presented in Table 18 for low lumi-
nosity running conditions with the full pixel system. It has
been found that for a total suppression factor of 103, at
both low and high luminosity, a calorimeter suppression
factor of three yields the highest signal efficiency. At this
operating point (Piso1 = 5.6 GeV) the total time Tyt of the
full path is 59 ms for low luminosity and 174 ms for high
luminosity. Figure 40 shows the efficiency of the Calorime-
ter+Pixel track Tau trigger selection for the signal and for
QCD di-jet background events at low and high luminosity.
The size of the isolation cone R; is varied in the range be-
tween 0.20 and 0.50, and the optimal suppression factor of
3 for the Calorimeter Tau trigger is used. For a total sup-
pression factor of about 103, there is little difference in the
efficiency between the staged and full pixel configurations
at low luminosity.

7.5 MSSM neutral Higgs 27-jet selection
with the Track Tau trigger

This section presents the performance of a complete HLT
selection for A°/H® — 77 — 27-jet, when the Calorimeter

251 and with the full pixel system for (right) £ = 1034 cm

. The results are shown both with the full and the staged pixel systems for (left)

—QS—l

Tau trigger selection, applied on the first calorimeter jet, is
followed by the Track Tau trigger on both calorimeter jets
(Calo+Track Tau trigger path). Figure 41 shows the signal
versus background efficiency when the Track Tau trigger
selection is applied to both calorimeter jets, at low lumi-
nosity (left), for both the complete and staged pixel de-
tector, and at high luminosity (right). The different points
correspond to different sizes of the isolation cone, R;, which
is varied between 0.2 and 0.45. A 6(7) GeV/c requirement
on the pr of the leading track is applied at low (high) lu-
minosity to reach a background rejection factor of ~ 103.
At a QCD di-jet background efficiency of ~ 1073 the sig-
nal efficiency with the staged pixel detector is reduced by
~ 20%. Figure 42 shows the signal versus background effi-
ciency when the Calorimeter Tau trigger selection applied
on the first calorimeter jet, is followed by the Track Tau
trigger on both calorimeter jets (Calo+Track Tau trigger
path). Table 19 summarizes the efficiency of the Track Tau
trigger at the operating points where the background rejec-
tion factor is ~ 102. These points have been chosen taking
into account the overall performance and minimizing the
T-jet energy dependency of the signal efficiency. The third
and fifth rows of Table 19 list the efficiency at low and high
luminosity for the full Calo+ Track Tau trigger selection.

Table 18. Efficiency for AO/HO — 77 — 27-jet events, and total CPU time (Tiot),
as a function of the calorimeter isolation requirement (Pig.1) and its background re-

jection factor (Sealo) at £ =2 x 1033 cm™2s

~1. An overall suppression factor 103 for

background events is maintained. The bolded column corresponds to the operating

point

Piso1 GeV — 10.4 7.6 5.6 4.6 4.0 3.4 3.2 2.6
Secalo 1.0 1.5 2.0 3.0 4.0 5.0 6.2 7.5 10.0
Ttot (ms) 110 85 72 59 52 50 45 43 41
€calo+pixel /0 35 37 40 41 40 39 37 36 35
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The Track Tau trigger CPU time distribution is shown
in Fig. 43 for Higgs and QCD di-jet background events at
low luminosity. The time needed for a double tag is only
slightly larger than the time needed for a single tag, since
the second calorimeter jet is analyzed only in the ~ 6% of
background events which pass the single tag on the first
calorimeter jet. Only 10% of the QCD events require more
than 400 ms to be analyzed. An important advantage of
the Calo+ Track Tau trigger selection over the simple Track
Tau trigger is its better time performance, which is due to
the fact that only those events which pass the calorime-
ter 7 selection on the first jet need to be analyzed by the

Track Tau trigger. Following the same method described
in Sect. 7.4 and using the numbers from Table 18 (Sca10 = 3,
Tealo ~ 33 ms) an average time of about 130 ms/event is ex-
pected at low luminosity.

The time required by the Track Tau trigger at high
luminosity is much larger and is currently estimated at
~ 1 s/event. However, making use of the Calo+Track Tau
Trigger selection, this time will be reduced to less than
400 ms/event. A further improvement is expected with the
use of a regional pixel reconstruction.

To summarize, the Calo+Pizel track Tau trigger and
the Calo+Track Tau trigger are the two optimal HLT
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Table 19. Summary of Track Tau trigger efficiency when two Calo jets are tagged
in A°/H® — 77 — 27-jet events. The third and fifth rows show the results when the
Calorimeter Tau trigger selection applied on the first Calo jet is followed by the Track
Tau trigger on both Calo jets. A QCD di-jet background rejection (last column) of
~10% is required. Due to the limited Monte Carlo statistics some statistical errors for

the QCD background are large

Luminosity Configuration/ My My QCD
2% 1033 Staged pixels

Track Tau 0.355-£0.006 0.375+0.005 (8.6+1.6)10*
2% 10% Full pixels

Track Tau 0.433-£0.006 0.489+0.005 (8.3+1.6)10*
2% 10% Full pixels

Calo + Track Tau  0.44640.006 0.486-+0.005 (1.0£0.2)103

1034 Track Tau 0.346+0.006 0.42040.005 (1.140.4)1073
1034 Calo + Track Tau  0.36140.006 0.427-+0.005 (9.4+3.0)10~*

paths for the selection of MSSM A° and H° bosons pro-
duced in the process gg — bbA°/H®, A°/H® — 77 — 27-
jet events (My = 200 and 500 GeV/c?). The Calo+ Pizel
track Tou trigger is approximately twice as fast as the
Calo+Track Tau trigger (59 versus 130 ms at low luminos-
ity and 170 versus ~ 400 ms at high luminosity), but is
~ 15% less efficient. The loss of Calo+ Pizel track Tau trig-
ger efficiency could be compensated for by an increase of
the Level-1 bandwidth allocated to the single and double 7
trigger.

7.6 MSSM charged Higgs 7-jet selection
with the Track Tau trigger

The Track Tau trigger will work as the final part of the se-
lection MSSM charged Higgs bosons in the process gb(g) —
H*t(b), H" — v — 7-jet, t — bjj. The Level-1 single-T

trigger followed by an HLT selection of events with Fr >
65(95) GeV at low (high) luminosity gives an output rate
of about 30(70) Hz. The selection must provide a suppres-
sion factor of ~ 30 to match the output bandwidth re-
quirements. The Track Tau Trigger selection is applied to
the calorimeter jet reconstructed in the region of the first
Level-1 7-jet. The purity of the calorimeter jet in the sig-
nal events is 85%. The isolation criteria used in the Pizel
or Track Tau triggers cannot provide the required suppres-
sion factor. Additional background rejection is obtained by
applying a cut on the pr of the leading track in the Track
Tau trigger. Figure 44 shows the Track Tou trigger effi-
ciencies for the signal and QCD background events pass-
ing the Level-1 single-7 trigger. Since the cut on Fr and
the Track Tau selection efficiency are uncorrelated [29],
a cut on JFr has not been applied due to limited Monte
Carlo statistics. The different points in Fig. 44 correspond
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to varying the leading track, pr requirement, pp™T, from 1
to 30 GeV /c. The isolation parameters used are Ry, = 0.1,
R, =0.065 (0.060) for low (high) luminosity, and R; = 0.4.
A rejection factor of 30 can be reached with a 20(25) GeV /¢
requirement on pr'T at low (high) luminosity, which is
well below the foreseen offline analysis requirement [25].
Table 20 summarizes the efliciency of the Track Tau trig-
ger at this working point with a background rejection
factor of 30.
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7.7 MSSM neutral Higgs ¢+ 7-jet HLT selection

The triggering scheme for gg — bbA°/H, A°/H® — 77 —
e+ 7-jet has been studied for My = 200 GeV /c?. The trig-
ger accepts events which pass either a single-e or a com-
bined e 4 7-jet (“eTau”) trigger. In what follows the com-
bined trigger will be referred to as the “e+ eTau” trigger.
The eTau trigger requires the presence of both an elec-
tron and a 7-jet, with thresholds lower than those used
in the single-e and single-7-jet triggers. The 7-jet candi-
date at Level-1 is defined as the most energetic 7-jet that is
not collinear with the electron candidate (AR > 0.3). This
condition avoids misidentification in signal events (the 7
purity in signal events increases from 61% to 99%) with
negligible effect on the overall efficiency. Figure 45 shows
the Level-1 e+ eTau trigger rate at £ = 1034 cm~2slas
a function of the electron and 7-jet thresholds used in the
eTau trigger. The dots with numbers on the e + e Tau trig-
ger iso-rate curves indicate the Level-1 selection efficiency
for the signal. For a given Level-1 trigger rate, the effi-
ciency increases when the electron threshold is reduced and
the 7-jet threshold is raised. This results from the steeply
falling prspectrum of the electron in the signal channel.
Figure 46 shows the increase in Level-1 efficiency obtained
by using the e+eTau trigger, as opposed to just the sin-
gle electron trigger, as a function of the extra bandwidth
which one allocates to the eTau trigger. The curves are
each obtained by fixing the threshold for the electron in
eTau trigger and varying the threshold on 7-jet. The HL'T
selection is applied independently on the electron stream
and the eTau stream at Level-2.0 and Level-2.5. At Level-
2.0, a threshold is applied only on the electron candidate
(Sect. 3.4). At Level-2.5, pixel/super-cluster matching is
used for the electron candidate (Sect.3.5) and the 7-jet
identification is applied as described in Sect. 7.2. Table 21
shows the details of the full selection for four scenar-
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Fig. 44. Track Tau trigger efficiency for H — 71 — 7-jet events versus the QCD di-jet background efficiency. The results are
given for My = 200 GeV/c2 and My =400 GeV/c2. and for (left) £L=2x 1033 cm 257!, with the full pixel system, and (right)
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Table 20. Track Tau trigger efficiency for the process gb(g) — HVt(b), H" — 7v — 7-
jet, t — bjj and for the QCD background. The efficiencies for the signal are presented
for a background suppression factor of ~ 30

643

Signal and background samples Efficiency of Track Tau trigger
Low Luminosity High Luminosity
priT > 20 GeV /e priT > 25 GeV /e
Rs =0.0654 Rs =0.06
HY > 7v My = 200 GeV /c? 0.580 4 0.004 0.534+0.005
My =400 GeV/c2 0.57940.004 0.553 +0.006
QCD 50 < pr < 170 GeV /c 0.03140.002 0.028 +0.003
E 90: 063.4% ! L1 Rate and efficiency
= F . CUTO L=1034 cm2s-1
- . L1 Rate =6535 Hz.
& e % L2 Rate =3364Hz
. T 0627% L25 Rate= 333 Hz
S 80f j : .
8 F 5 L1 Effi =58.4%
b 75‘_*6:, _____________________ L2 Effi =51.6 % Fig. 45. Level-1 e+ eTau trigger rate at £ =
= L25 Effi=44.6 % 10%* cm~2s7las a function of the e and 7-jet
C '566'0% po1-6 thresholds, for a fixed single-e trigger thresh-
70 old. A constant 6.54 kHz bandwidth is allo-
B cated to the single-e trigger. The four curves
65— < correspond to the additional bandwidths of
: 0.14 kHz, 0.39 kHz, 0.85 kHz and 1.28 kHz for
C the four scenarios, allocated to the eTau trig-
60— ger. The vertical line at 28 GeV corresponds to
C i i F the single-e trigger. The values listed in the up-
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ios. In all cases, the eTau trigger uses a 20 GeV electron
threshold (corresponding to 25.5 GV on the Level-1 95%
efficiency scale) while the 7 threshold is varied in such
a way that the rate added by the eTau trigger to the
single-electron trigger rate is 0.14 kHz, 0.39 kHz, 0.85 kHz

L1 electron Et Cut (GeV)

T

-

n

=)
£

0

3
[

4+
.+ it Efz18GeV
. + ]

4. Ei=19.Gev

C Lok it e
B sl D
B ++F++++ + iTE{220 GeV
B -

UL

T T 11T

T T T

L 1 1 1 1 1

1500 2000 2500
Level-1 Additionnal Rate (Hz)

1000

Level-2.5

Fig. 46. The increase in Level-1 efficiency, at
£=10% cmfzsfl, obtained using the e+ eTau
trigger, as opposed to just the single electron
trigger, as a function of the extra bandwidth
allocated to the eTau trigger. Each curve is ob-
tained by fixing the electron threshold (Ef in
the plot) and varying the threshold for the 7-jet

and 1.28 kHz respectively. Accepting an additional rate of
0.85kHz at Level-1 leads to a relative improvement in ef-
ficiency at Level-2.5 of about 10%, at a price of a 7 Hz
rate increase. This is illustrated in Fig. 47 which shows the
pr spectrum of the electron that is recovered at Level-2.5
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Table 21. Evolution of the rate and the efficiency of the different trigger Levels at
high luminosity. Results for four different 7 thresholds in the eTau trigger are shown,

as are results obtained with no eTau trigger (just the single electron trigger)
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L1 eTau thresh (GeV) (20, 57)
L1 Rate (Hz) 7819
L1 Additional Rate (Hz) 1284
L1 Efficiency 0.685
L1 Additional Efficiency 0.101
1.2.0 Rate (Hz) 4219
L2.0 Additional Rate (Hz) 855
L.2.0 Efficiency 0.614
L2.0 Additional Efficiency 0.098
L2.5 Rate (Hz) 343
L2.5 Additional Rate (Hz) 11
L2.5 Efficiency 0.492
L2.5 Additional Efficiency 0.046

250 - Spectrum recovery at L25

- L=1034 cm2s°1
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Fig. 47. Electron prin A°/H® — 77 — e+ 7-jet events at £ =
10°* cm 257!, The filled portion of the histogram corresponds
to the gain observed at Level-2.5 by adding the Level-1 e+
T trigger, the remaining unfilled part corresponds to electrons
passing the single electron trigger

when the eTau trigger is added to the single electron trig-
ger at Level-1.

Since the single electron thresholds are lower in the low
luminosity scenario, less is gained by adding the combined
eTau trigger. The HLT selection scheme is the same as
at high luminosity but the Level-1 thresholds are differ-
ent. For a scenario where 0.82 kHz for the eTau trigger is
added at Level-1, the relative gain in efficiency at Level-
2.5is ~ 4%.

7.8 MSSM neutral Higgs p + 7-jet HLT selection

The reconstruction efficiencies and online background re-
jection performance for A°/H® — 77 — p+7-jet have
been studied for the case when the Higgs particle is

e+eTau  trigger e trigger
(20, 62) (20,72) (20,89) (28)
7389 6933 6677 6535
854 398 142
0.675 0.661 0.634 0.584
0.091 0.077 0.050
3945 3631 3452 3364
581 267 88
0.605 0.590 0.562 0.5165
0.089 0.074 0.046
339 338 333 332
7 6 1
0.489 0.483 0.469 0.446
0.043 0.037 0.023

produced in association with b-quarks and the mass of
Higgs particle is 200 GeV /c?. The studies focus on high-
luminosity running conditions where the event selection
and background reduction are more difficult. The quoted
efficiencies are given with respect to the baseline Monte
Carlo sample generated with pr* > 14 GeV/c, pp™ ¢t >
30GeV/c, |n*| < 2.4), In7| < 2.4)). This sample contains
45% of all generated H — p+ 7-jet decays. Due to the
relatively low threshold of the Level-1 single-p trigger
(pr™* = 20 GeV /c at high luminosity), about 66% of the
baseline events are accepted by the Level-1 single-y or
Level-1 single-7 triggers as shown in Fig. 48, while there is
a additional 4% acceptance when the combined p+ 7-jet
selection is used. In Fig. 49, the efficiency of the Level-1 u
trigger is shown as a function of the muon prand the 7 Er.
Only events where both the 7-jet and the u are found by
the trigger (irrespective of their py and Et) contribute to
the plot.

The additional rate taken by the Level-1 combined p +
T-jet trigger over that of the single-u trigger (~ 6 kHz)
and single 7-jet trigger (~2kHz) is 0.83kHz as shown
in Fig. 50. The full rate for events selected by the combined
trigger (both Level-1 p and Level-1 7 found) passing the
single-u, single 7-jet or combined thresholds is 5.8 kHz.

The HLT analysis path for this channel proceeds as
follows:

— identification of a Level-2 jet corresponding to the
Level-1 7-jet with an Et requirement

— calorimeter isolation requirement for the 7

— Level-2 p identification and p requirement

— calorimeter isolation requirement for the u

— Level-3 u identification and p requirement

— 7-jet identification and isolation requirement in the
pixel detector

— p isolation requirement with full tracker (or with pixel
detector)

The resulting HLT efficiencies and rates are shown in
Fig. 51 as the function of the HLT requirements. Only
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ciency of 1%. The Level-1 threshold corresponding to the offline
requirement selects ~ 70% of the baseline events

events passing the proposed Level-1 thresholds are in-
cluded. Setting the HLT thresholds at the offline values
preserves 32% of the baseline sample events. The corres-
ponding rate from the muon minimum-bias samples is
about 1 Hz. The detailed list of rejection factors and ef-
ficiencies for each HLT step is given in Table 22 for the

20 25 % 5 10

15

T20 25
L1 muon p, cut [GeV/c]

Fig. 50. Level-1 trigger rate at high luminosity from p—7
events. This rate is in addition to the Level-1 single-u and
Level-1 single-7 trigger rates. The additional rate, for the Level-
1 cut that corresponds to the offline cut, is 0.83 kHz

high luminosity case. The low luminosity case is simpler.
The Level-1 single-y threshold of 12 GeV/c is below the
offline requirement and there is no need to allocate band-
width to the p+ 7-jet channel. The Level-1 single-y and
single-7 triggers (BT > 93 GeV) select about 72% of the
events in the sample. The p and 7 identification and selec-
tion criteria in the HLT reduce this efficiency to 39% with
a background rate of 0.2 Hz.
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7.9 Summary of Level-1 and HLT selection
for Higgs channels with T-leptons

The Level-1 and HLT paths used to trigger on the MSSM
A°/H® and H* Higgs bosons with mass greater than
200 GeV /c? are:
— AY/H® — 77 — 27-jets.
— Level-1: single and double 7-jet.
— HLT: calorimeter + tracker isolation.
-~ H" - 71v— 71— jet+Fr.
— Level-1: single 7-jet.
— HLT: calorimeter Fr and tracker isolation on the
T-jet.
— A%/ H® = 77 — e+ 7-jet.

— Level-1: single-e and combined e+7-jet triggers.
— HLT: electron selection (Sect. 3) and 7-jet isolation
with the tracker.

— AY/H® = 77 — pu+7-jet.
— Level-1: single- ;4 and combined p + 7-jet triggers.

— HLT: muon selection (Sect.4) and 7-jet isolation
with the calorimeter and the tracker.

The HLT output rates, the signal efficiency (for My =
200 GeV /c?) of the Level-1 and HLT selections as well as
the CPU time at both low and high luminosity are listed
in Table 23. The efficiency of the combined triggers used
for A/H — 77 — £+ 7-jet channels is about 2%—5% higher
than those of the single-lepton trigger and a function of
the Higgs mass. For Higgs masses around 120 GeV /c?, the

Table 22. Summary of Level-1 and HLT selection efficiencies and background rates in the
A /H O rr o u~+ 7-jet channel for the thresholds corresponding to offline requirement of
upt =15 GeV/c and 7-jet E1 = 40 GeV. The efficiency is defined with respect to the baseline

sample

Events passing Level-1 single p single 7, or combined trigger

Events passing Level-1 combined trigger*

L2 identification with Er and pr requirements

L2 and calo tau isolation

L2 and muon calo isolation

L2 combined

L3 identification with p pp cut
L3 and tau isolation

L3 and muon isolation

L3 combined (HLT)

* not selected by single u or single 7 trigger

Efficiency Rate [Hz|
0.70 5.8 x 1073
0.04 830
0.63 990
0.53 380
0.61 420
0.51 150
0.49 59
0.33 3.4
0.48 25
0.32 1.2
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Table 23. The efficiency of the Level-1 and HLT selections, the HLT output rates and
CPU time for low (high) luminosity for the MSSM Higgs decays with 7-leptons in the
final state. The CPU time is given only for the low luminosity study

Level-1 ¢ HLT output HLT € HLT CPU
Channel (%) (Hz) (%) (ms)
27-jet 78 (62) 3(8) 45 (36) 130
rjet+Pr 81 (76) 1(2) 58 (53) 38
i+ T-jet 72 (70) 0.2 (1.2) 54 (46) 660
e+ T-jet 80 (69) 0.4 (1.8) 70 (71) 165

combined triggers are expected to contribute significantly
to the efficiency of the fusion channel qq — qqH, H — 77.

8 Identification of b-jets

Inclusive b-tagging of jet triggers can be used for the HLT
selection of physics channels with b-jets in the final state.
The algorithms used for b-tagging rely on the b-hadron
proper life time (c7 ~ 450 pm), which gives rise to tracks
with large impact parameter with respect to the produc-
tion vertex.

8.1 b-tagging algorithm

A wide range of algorithms have been developed within
CMS to tag b-jets [30]. The tagging method chosen for
the studies presented here relies on the track impact
parameter.

The track impact parameter can be calculated either
in the transverse view (2D impact parameter) or in three
dimensions (3D impact parameter). In the former case it
is not affected by the uncertainty on the z-component of
the primary vertex position while in the latter case a larger
set of information can be used. In both cases the calcu-
lation is performed starting from the trajectory parame-
ters at the innermost measurement point. In the 2D im-
pact parameter case the estimate can be done analytically
since the trajectory is circular in the transverse view. In
the three-dimensional case the extrapolation is performed
by iteration. Figure 52 shows the main ingredients of the
three-dimensional impact parameter calculation: first the

track

linearised
track .
minimum
distance

Q

Fig. 52. Representation (not to scale) of the track three-
dimensional impact parameter

jet

\%

point of closest approach of the track to the jet direction,
S, is found. This point approximates the decay point of
the B hadron. The tracks are then linearized and their
three-dimensional impact parameter is computed as the
minimum distance from the primary vertex V. The V@
segment in Fig. 52 is called the decay length and approxi-
mates the flight path of the B hadron. The impact param-
eter is signed as positive if Q) is upstream of V in the jet
direction (as in the example shown in Fig. 52), and nega-
tive otherwise. The tracks from a B decay should have
a positive impact parameter, while those coming from the
primary vertex have an impact parameter comparable to
the experimental resolution. The tag makes use of the track
impact parameter significance, which is defined as the ratio
of the value of the impact parameter with its uncertainty.
A jet is tagged as a b-jet if there exist a minimum number
of tracks with impact parameter significance above a given
threshold.

In order to speed up the reconstruction, only tracks
within a jet cone are used. The performance of the b-tag-
ging algorithm (tagger) depends crucially on the quality of
the tracks and the jet direction.

Tracks resulting from secondary interactions with the
material, K% and A% decays are reduced by requiring the
2D impact parameter be less than 2mm and imposing
a maximum on the decay length V') which depends on the
jet energy and rapidity and varies between 1.5 to 10 cm.
Optimization of these requirements was performed to max-
imize the b-tag signal efficiency at a fixed mis-tagging rate
of 1%.

8.2 Tagging region

Tracks are reconstructed in a cone around the Level-1
calorimeter jet. The cone apex is taken as the pixel re-
constructed primary vertex with the algorithm presented
in [32]. The optimal cone width depends on the recon-
structed jet Er. The number of tracks from b-decays inside
the jet cone is largely a function of the cone size. The
fraction of tracks coming from b-decays reaches a plateau
value [31] at a AR ~ 0.25. Beyond this point only tracks
from the hadronization process are added. In the case of
light flavour jets the number of tracks increases almost
linearly. At high luminosity the ratio of non-b tracks to
b-tracks increases, requiring a harder pr cut.

The primary vertex is taken as the vertex having asso-
ciated to it pixel lines with the largest summed pr. At low
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mine the primary vertex of the event within 100, 300 and
500 pm, at high luminosity, as a function of the minimum p
cut on the pixel lines

luminosity the algorithm has high efficiency. At high lu-
minosity the algorithm is modified so that only pixel lines
above a high pr threshold are used. The high efficiency is
maintained with a small loss of precision. Figure 53 shows
the efficiency of the pixel algorithm to correctly assign the
primary vertex within 100, 300 and 500 pgm, at high lumi-
nosity, as a function of the minimum pr cut on the pixel
lines. Primary vertex reconstruction requires about 50 ms
on a 1 GHz Pentium-III CPU for both the low and high
luminosity cases.

8.3 Track reconstruction

Track reconstruction is based on the partial reconstruction
of tracks using the regional approach (Sect. A): starting
from pixel seeds, additional hits compatible with the track
pr, are sought in a region around the jet axis. The recon-
struction is stopped after an adequate number of hits is
found along the trajectory.

Two different regional seeding algorithms have been
studied. The first (referred to as “pixel selective seeds”)
uses the pixel lines found by the pixel reconstruction which
are contained inside a cone of AR < 0.4 around the jet di-
rection, and whose extrapolated z-impact point along the
beam line is within 1 mm from the primary vertex. The
second algorithm (referred to as the “combinatorial seed
generator”) uses all combinations of pixel hits which form
an angle with respect to the jet direction of A¢ < 0.2 and
An < 0.2, centered in the primary vertex, with a toler-
ance of +1cm. The first method is faster. The efficiency
of the second is comparable with that obtained at offline
reconstruction.
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Fig. 54. Jet angular resolution with respect to the generator
information, using Level-1 jet reconstruction, HLT jet recon-
struction, and by adding tracking information

Tracks which have been reconstructed within the jet
cone can be used to refine the jet direction measurement.
Due to the coarse granularity of the calorimeter trigger
cells, the direction resolution of the Level-1 jets is rather
poor. Reduced angular resolution on the jet direction can
cause a sign flip of the track impact parameter, deteri-
orating the performance of the tagger. The re-computed
direction is determined as the pr-weighted sum of the track
directions. Figure 54 shows the difference in direction of
the jet found at the generator level and of the jet recon-
structed at Level-1, HLT and after including the tracks.

8.4 Performance and timing

We study HLT selections for two samples of events: back-
to-back di-jets of different transverse energies and an in-
clusive QCD sample. The di-jet sample was produced in
two different pr bins: || < 1.4 and 1.4 < |n| < 2.4, corres-
ponding to the central and forward regions of the tracker.
Three bins with Ep =50, 100 and 200 GeV were used.
For Et = 50 GeV the track spectrum is softer, with mul-
tiple scattering limiting the performance of the tag, while
for E1 =200 GeV the performance is limited by the high
particle density. In the generation of these events, all the
pp — qq processes were included, but only events with jets
within the || and Errange in question were selected. For
the QCD sample, events generated with PYTHIA 6.152 [5]
were retained if 50 < ph#™d < 170 GeV/c. A total of about
50 000 events in each phard bin were analyzed. The perform-
ance of the selection is given in terms of the efficiency to tag
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Fig. 55. b-tagging efficiency versus mis-tagging rate for Ep = 100 GeV jets and for (left) low and (right) high luminosity running

conditions

b-jets versus the efficiency for u-jets, as well as execution
time.

Tracks are reconstructed using a regional approach as
explained in Sect. 8.3, using both seeding algorithms, with
a cut on pr of 1 GeV/c (2GeV/c) at low (high) luminos-
ity. Track reconstruction is stopped when up to seven hits
along the track are found. The primary vertex is recon-
structed using the algorithm described in [32], with the
only exception being that the default cut on pixel lines
is 1GeV/c (5GeV/c) for low (high) luminosity. A jet is
tagged as a b-jet if it has two tracks exceeding a threshold
on impact parameter significance. Tracks are required to
have at least three (two) pixel hits for the full (staged) pixel
detector configuration. Figure 55 shows the performance
of the algorithm for 100 GeV Er jets and for two differ-
ent 1 regions, at low and high luminosity. The performance
varies as a function of luminosity due to the different track
pr requirement and the increased pixel readout inefficiency
at high luminosity [33]. The performance is also compared
with the one which could be obtained by using fully re-
constructed tracks. No degradation is visible, so the online
selection does not result in a reduced performance. A com-
parison of the performance with the staged and full pixel
detector is shown in Fig. 56. Figure 57 compares the tag-
ging performance in the different bins of jet Er. The higher
performance of the tagging algorithm for 100 GeV Er jets
(compared to the 50 GeV jets) is due to the reduction of the
multiple scattering component of the impact parameter
uncertainty. The 200 GeV jets have higher mis-tagging rate
due to the increased track multiplicity. A better perform-
ance can be achieved using the three-dimensional impact
parameter, as demonstrated in the performance compari-
son for the 100 GeV Er jets shown in Fig. 57. An inclusive
trigger capable of efficiently selecting b-jets originating for
example from Higgs decays, can be implemented by de-
manding the presence of one or two b-tagged jets within the
tracker acceptance. We have investigated the performance
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Fig. 56. b-tag performance: comparison of the staged and full
pixel detector configurations

of a selection based on the leading or the next-to-leading
jet which has been tagged as having at least 2 tracks with
a transverse impact parameter significance larger than 2.
Figure 58 shows the rate after this selection as a function
of the corrected jet Et for the first two leading jets in the
event. The execution time of the HLT algorithm is meas-
ured on a 1 GHz CPU and is studied as a function of the
number of hits along the track for 100 GeV Erjets at low
luminosity for the pixel selective seeds. The timing is meas-
ured for three different stages:

— Pixel and primary vertex reconstruction
— Track seeding, building, cleaning and smoothing
— b-tagging
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Track reconstruction is the most time consuming stage,
and scales almost linearly with the number of hits. The
b-tagging part is negligible, suggesting that it might be
possible to use more sophisticated algorithms with in-
creased performance. At high luminosity, the larger num-
ber of seeds increases significantly the execution time.
As a comparison, for the same jet transverse energy and
pseudorapidity bin, the number of seeds which need to
be considered increases from 7 to ~ 44 in going from
low to high luminosity, even after taking into account
the larger pr cut applied. The execution time also de-

pends strongly on the jet energy when using the com-
binatorial seeding method. The execution time is con-
siderably smaller if the pixel selective seeds algorithm is
used.

8.5 Summary

The HLT can benefit from efficient b-jet tagging with rea-
sonable execution times at both low and high luminosity.
As an example, the requirements of a possible dedicated
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b-tagged HLT selection with at least one jet inside the
tracker acceptance and a b-tag based on the 2D impact pa-
rameter significance s are:

— For jets with E1 < 80 GeV: two tracks with s > 1.5.

— For jets at the Er range 80 < E1 < 150 GeV: two tracks
with s > 2.0.

— For jets with E1 > 150 GeV: two tracks with s > 2.5.

At low luminosity running conditions such a selec-
tion is 55% efficient for b-jets with a background rejec-
tion factor of about 10, almost independent of the jet Er.
It corresponds to a rate of 5Hz for a cut on the lead-
ing jet Etr of about 200 GeV or 160 GeV on the next-to-
leading jet. This selection can be used in the case of SUSY
searches, where the number of b-jets in the final state is
large (Sect. 9).

9 HLT selection and performance overview

This section summarizes the physics object selection, the
total estimate for the CPU requirements, and the physics
performance of a prototype HLT table for the start—up lu-
minosity of 2 x 1032 cm~2s~1. The current set of thresholds
and rates to storage for each physics object, described in
the preceding sections, is listed in Table 24. The values of
the thresholds shown in Table 24 are indicative of the type
of event mixture that would yield an output event rate of
O (100) Hz. The CMS start—up HLT allocated total rate
is 150 Hz to allow for (i) trigger contingency (additional
physics and back—up triggers) and consequently (ii) meet-
ing the goals of a rich physics program. A 1.5 MB/event
imposes a requirement on the data recording rate of
~225MB/s.
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9.1 CPU requirement

A key issue for the HLT is the CPU power required for the
execution of the physics objects selection algorithms. The
algorithms were timed on a Pentium-III 1 GHz processor,
and the requirements varied from ~ 50 ms for jet recon-
struction, to ~ 700 ms for muon reconstruction.

The first step is to weight the CPU needs of the algo-
rithms by the frequency of their application, which is the
Level-1 trigger rate of the corresponding channels. This is
shown in Table 25 and yields a total of 4092 CPU seconds
as the total need to cover the 15.1 kHz of events output
from the Level-1 trigger for low luminosity conditions. In
the full Level-1 trigger rate budget of Table 2 there is an ad-
ditional 0.9 kHz of minimum bias events that will be used
for calibration and monitoring. These events are assumed
to require the same amount of CPU as the mean of the
~ 15 kHz of events for which CPU time estimates are avail-
able. The average processing time per event at Level-1 is
271 ms.

We estimate the CPU power to carry out the physics
program at the start-up of the LHC, when the lumi-
nosity will not have reached its full value. The current
scenario for CMS is to provide a DAQ system capa-
ble of reading a maximum of 50 kHz of events accepted
by the Level-1 Trigger. The CPU requirement for this
system is 15000 CPUs as in those available in a stan-
dard commercial personal computer (PC). Since these
timing measurements in 2002 the power per CPU has
been increased by a factor 3-3.5 so in 2005 this corres-
ponds to about 4500-5000 CPUs. To extrapolate these
figures from early 2005 to the year 2007 the basic thesis
of Moore’s Law, i.e. that CPU power increases by a fac-
tor two every 1.5 years, is used. This implies that a total

Table 24. High-Level trigger requirements at low luminosity. The thresholds corres-
pond to the values in E1 or pp with 95% efficiency (90% efficiency for muons). There
is no actual threshold in the HLT selection for 7-jets, so the threshold shown is that
of the corresponding Level-1 trigger requirement. (*)Calibration percentage allocated
corresponds to well understood detector performance. At start-up, this can be as high

as 30% of the total rate

Trigger Threshold Rate  Cumulative Rate
(GeV or GeV /c) (Hz) (Hz)
inclusive electron 29 33 33
di-electron 17 1 34
inclusive photon 80 4 38
di-photon 40, 25 5 43
inclusive muon 19 25 68
di-muon 7 4 72
T-jet * Fp 86 * 65 1 73
di-7-jets 59 3 76
1-jet * P 180 * 123 5 81
1-jet OR 3-jets OR 4-jets 657, 247, 113 9 89
electron * T-jet 19 * 45 0.4 89.4
muon * T-jet 15 * 40 0.2 89.6
inclusive b-jet 237 5 94.6
calibration and other events (10%)* 10 105
TOTAL 105
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Table 25. Summary of CPU time required for the selection of each physics objects in
the HLT. The CPU figures refer to a 1 GHz Intel Pentium-II1I CPU

Physics Object

event (ms)
electron/photon 160
muon 710
tau 130
jets and B 50
electron + jet 165
b-jets 300

of ~ 2000 CPUs will be needed for the system at the LHC
start-up.

9.2 Efficiency of the HLT selection
for major physics channels

The discovery of the long-sought Higgs boson is the focus
of the physics program of the LHC. This section summa-
rizes the studies of some of the expected Higgs signals, both
within the standard model and in the context of super-
symmetry. The mass range to discover the standard model
Higgs at the LHC ranges from the upper limit of direct
searches at LEP, namely 114.4 GeV /c? to approximately
1TeV/c?. In the heavy mass range (up to 800 GeV /c?) the
channels with the best sensitivity for the Higgs is the H —
Z 7. In particular the H — ZZ — four leptons, e.g. pupuu
channel is referred to as the “gold-plated” one, for masses
above 180 GeV /c?. For lower values of the Higgs mass the
decay channels H - WW™* — llvv, H — vy, WH — Wny,
qqH — qgWW* and qqH — qq77T become important for
the Higgs study. The channels ttH —ttyy, and ttH —ttbb
can also be explored to discover and study the Higgs.

For the region around 120 GeV/c? the most promising
channels to date are the fusion processes or the decays into
two photons. The decay H — vy will be triggered at the
HLT requiring two photons detected in the ECAL and vali-
dated by the tracker, using the asymmetric cuts of Ep > 40
and 25 GeV for the photons. This requirement persists in
the final offline selection for this channel. It yields a fi-
nal background rate to tape of 5Hz. For low-luminosity
running the combined Level-1/HLT trigger efficiency for
a Higgs with mass of 115GeV/c? is 77% for all the de-
cays where both photons are within the ECAL fiducial
volume (|n| < 2.5). With respect to all events where the de-
cay photons have the offline minimum FE', the efficiency is
83.7%. The geometrical acceptance for the two photons to
be within the fiducial volume is 65%. The trigger efficiency
for high luminosity running is typically 5% lower.

The channel H - WW* — puvv has been studied for
Higgs mass values of 120, 160 and 200 GeV /c2. The com-
bined low-luminosity HLT trigger consists of a single muon
pr threshold of 19 GeV/c and a symmetric double muon
threshold of 7GeV/c and has a total output event rate
of 29 Hz. The total efficiency within the fiducial accept-
ance is 92% at My = 160 GeV /c2. The efficiency increases
with increasing Higgs mass. The efficiency for this trig-
ger decreases by 10%-15% at high luminosity, because

CPU time per level-1 Level-1 trigger rate

Total CPU time

(kHz) (s)
4.3 688
3.6 2556
3.0 390
3.4 170
0.8 132
0.5 150

the thresholds have to be increased to 31 and 10 GeV/c
for the single and double muon trigger respectively. The
golden channel mentioned above H — ZZ — 4u has near-
full efficiency since the efficiency for Z — pp is about 92%.
These efficiencies are relative to having at least one muon
within the geometric acceptance of the trigger, |n| < 2.1,
and all final state muons (two or four, depending on the
channel) within the full acceptance of the muon system
(In| < 2.4).

These examples show that working HLT trigger schemes
with good efficiency have been identified for the Higgs
search. Note that a heavy standard model Higgs will be
easier to trigger on than a light one (~ 120 GeV /c?). For
the minimum sypersymmetric standard model (MSSM)
neutral high-mass Higgs particles, A/H, and the charged
Higgs, the “golden” decays to heavy gauge bosons are
closed or strongly suppressed. Therefore alternative de-
cay channels have been studied, in particular the decay
modes A/H — 77 and H" — 77 v. The main background
to these channels are QCD jets. The 7-jets are identified
as described in Sect. 7. The identification can be performed
by calorimeter 7-jet candidates supplemented either by
a fast track finding algorithm in the pixel detectors or by
using regional reconstructed track finding algorithm. For
the low luminosity runs the latter algorithm is found to
be more efficient, giving an efficiency of about 45% (49%)
for My = 200 GeV /c? (My = 500 GeV /c?), while achieving
the required background reduction of a factor ~ 1000. Both
T-jets are required to pass the trigger criteria. The corres-
ponding efficiencies for high luminosity running are about
15% lower.

A similar trigger can be defined for the charged heavy
Higgs decay HT — 7v, requiring one 7-jet and missing
Er at the HLT selection. The efficiencies are 58% (My =
200-400 GeV /c?) for low luminosity and about 10% lower
for high luminosity conditions.

For the neutral MSSM Higgs the combined electron/
7-jet trigger channels have been studied for the decay
A/H — 77 — e+ 7-jet. The combined trigger has a re-
duced threshold on the electron, compared to the single-
electron trigger, and obtains an HLT efficiency of 70% at
both low and high luminosity. The overall efficiency of the
combined trigger is only about 2%—5% higher than the one
obtained by the single electron trigger, but this is mostly
due to the choice of a relatively high mass for the Higgs.
For Higgs masses around 120 GeV /c?, the fusion channel
qqH — qq77 benefits from such a trigger. Similar studies
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were performed for the channel A/H — p+7-jet and result
in an efficiency of 54% (46%) at low (high) luminosity.

As a specific example of a more exotic Higgs study,
we describe in detail the trigger strategy for so called “
visible Higgs” detection. Some extensions of the standard
model (SM) contain Higgs bosons which can decay into
stable neutral weakly interacting particles, therefore giv-
ing rise to final states with large missing energy. In recent
work [39,40], it was shown that the potential for discov-
ering a Higgs boson decaying invisibly at the LHC can
be extended considerably by studying Higgs production
via weak boson fusion (WBF). The presence of the two
forward-backward tagging jets that accompany the Higgs
production via weak boson fusion is a powerful tool for sep-
arating signal from the very large backgrounds. The large
rapidity gap between the two jets is used in the trigger
definition. The following offline cuts for an invisible Higgs
analysis were proposed in [39] and studied using a detailed
simulation [40]:

1. Eg[\ > 40 GeV, |’I7j| < 5.0, |77j1 —77j2| > 4.4, ni1np <0,
2. Fr > 100 GeV

3. M;; > 1200 GeV/c?

4. A¢jj <1

The efficiencies of the Level-1 trigger and the HLT selec-
tions discussed below are the efficiencies for events that
pass the above offline selections. The HF calorimeters play
a crucial role in the selection of the invisible Higgs be-
cause of the two forward-backward tagging jets. The rela-
tive acceptance in the HF calorimeter (3.0 < |n| < 5.0)
for these jets after requiring Er > 30 GeV for each jet
is shown in Table 26 before and after the cut on the ra-
pidity gap between the jets. After the rapidity gap con-
straint, almost 80% of the Higgs events will have at least
one tagging jet in the HF. The Level-1 jet trigger cov-
ers the entire calorimeter acceptance, including the HF

< 100
3 i L=10%cm™s™
s 90 c
o b
§ 80 E gq—qqgH, H(120 GeV)—inv
70F passed WBF selections
60 F
50 - solid - 1st HLT jet
40k dotted - 2nd HLT jet
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Table 26. Acceptance of the CMS HF calorimeter to tagging
jets (B > 30 GeV) in the gg — qqH process

no jets in HF one jet in HF 2 jets in HF

49% 45% 6%
22% 65% 13%

no cut on |71 — ;2]
Imj1 — mj2| >4.4

calorimeter. At Level-1 a jet+Fr trigger can therefore be
used for the invisible Higgs selection. Figure 59 shows the
transverse energy of the highest E jet (left) and calorime-
ter Fr (right) reconstructed at the HLT and at Level-1
at £=10%*cm~2s7! for Higgs events passing the WBF
requirements and for a Higgs mass of 120 GeV/c?. The
Level-1 trigger was optimized by examining the trigger rate
for a single jet plus Jir trigger versus the signal efficiency
by changing the Jr thresholds for the fixed set of single
jet thresholds. Figure 60 shows the Level-1 jet+Fr trig-
ger rate and Higgs efficiency for single jet thresholds of
70(60), 90(70), 110(80) at high(low) luminosity when the
Fr threshold is varied.

Table 27 lists the Level-1 jet+ Jor trigger thresholds and
the Higgs efficiency for Level-1 jet+Fr trigger rates of
0.2, 0.5 and 1.0kHz at low and high luminosity. A rate of
0.5 kHz gives a high Higgs efficiency, namely 98% (80%) for
low(high) luminosity.

For the HLT selection, the offline requirements EJ
40 GeV, |n;| < 5.0, and |7731 72| > 4.4 are used along Wlth
the requirement of M;; > 1TeV/c?, and a Pr requirement.
Figure 61 (left plot) displays the rate for QCD multi-jet
events as a function of the fr threshold with only the Et
and n requirements applied and with the additional M;; re-
quirement also applied. A rate of 0.1 Hz can be reached at
low luminosity for fr > 110 GeV without the M;; cut. The
signal efficiency in this case is close to 100% since the offline
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Fig. 59. Higgs events in the process qq — qgH, with the Higgs decaying invisibly (Mg = 120 GeV /c?), that satisfy the WBF

requirements. (Left) Transverse energy of the highest-Er jet reconstructed in offline (solid histogram) and at Level-1

(dashed

histogram). (Right) Frp reconstructed offline (solid histogram) and at Level-1 (dashed histogram) (for £ = 103* cm™2s71)



654 The CMS Collaboration: The CMS high level trigger

€Lever1 fOF Off-line qa—qqH, H—inv (%)
€Level1 TOF Off-line gqg—qqH, H—inv (%)

J>11OGeV

i i i id i
10° 107 10
Level-1 Jet+MET Rate (kHz) Level-1 Jet+MET Rate (kHz)

-
-
[ Y
-

Fig. 60. QCD 2-jet rate (in kHz) for a Jet—i—E%‘ss trigger versus efficiency for gqg — qqH, with the Higgs decaying invisibly, for
a Higgs mass of My = 120 GeV / c“, and for events which satisfy the WBF selection when the fr threshold is varied and with single
jet thresholds as labeled, low (left) and high (right) luminosity

Table 27. Summary of the single-jet plus Fr Level-1 trigger thresholds for a total
trigger rate of 0.2, 0.5, and 1.0 kHz at low and high luminosity. Shown are the jet
and o thresholds, the efficiency for g — qgH with the Higgs (Mg = 120 GeV /c?)
decaying invisibly for events which pass the WBF cuts

Rate for Level-1 jet +Fr trigger 0.2kHz 0.5 kHz 1.0kHz
low luminosity single-jet threshold 60 60 60
Fr threshold (GeV) 73 64 56
efficiency 0.96 0.98 0.99
high luminosity single-jet threshold, 70 70 70
Fr threshold (GeV) 122 112 73
efficiency 0.72 0.79 0.84
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Fig. 61. Left: QCD 2-jet background rate after topological WBF requirements as a function of the Fr cutoff for £ =
10%* cm 257! (solid histogram) and £ =2 x 1023 cm ™25~ (dashed hlstogmm). Right: total Level-1 single jet plus frrand HLT ef-

ficiency for qq — qqH, w1th the nggs decaying invisibly, My = 120 GeV / c”, and for events which passed WBF cuts, as a function
of Fr cutoff for £ =103* cm~2s~
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cut on Frr is 100 GeV (Fig. 59). At high luminosity a rate of
0.2 Hz can be reached with the M;; cut and an ~ 150 GeV
threshold on Fr. The total Level-1 jet+Fr and HLT ef-
ficiency for Higgs at high luminosity is shown in Fig. 61
(right plot) as a function of the Fr cutoff. For 0.2 Hz rate
(Fr > 150 GeV and M;; > 1TeV/c?) the Higgs efficiency
is 0.7.

9.3 Supersymmetry searches

One of the main goals of the LHC is to search for evidence
for supersymmetry (SUSY), the most powerful extension
of the standard model. If SUSY exists, large amounts of
supersymmetric particles (sparticle) are expected to be
produced shortly after the LHC turn-on. However, unless
SUSY is discovered at the Tevatron before the LHC start-
up, the signature of SUSY will not be known in advance.
The most popular SUSY models invoke the conservation
of R-parity (RP), which makes the lightest Supersymmet-
ric particle stable and in some cases an excellent candidate
for cold dark matter. In these models, squark and gluino
events, which are produced strongly and therefore have
very large production cross section, would appear in the
detector as events with multiple jets and large Frr. Due to
cascade decays of charginos and neutralinos the final state
usually also contains a number of leptons. In some points of
the parameter space the direct chargino neutralino produc-
tion provides striking tri-lepton signatures.

Supersymmetry models have a large number of free
parameters. There have been several studies to identify
points in the SUSY parameter space that will in some
way span the range of signatures and predictions that ap-
ply to the start of the LHC. Reference [41] was used to
select the points studied here. These points all use the
mSUGRA parametrization of the SUSY parameter space.
Other parametrizations have not been considered, since
the purpose of this study is not to provide an exhaus-
tive study of SUSY but to give examples of the prototype
Level-1 anf HLT selection efficiency for supersymmetric
signatures.

At low luminosity, the greatest challenge comes from
the points with the lowest sparticle masses just above the
reach of the Tevatron, because the transverse energies of
the jets and Fr are relatively low. At high luminosity, the
challenge is to maximize the acceptance for the highest
mass points, since they have the smallest cross section.
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Table 28 lists the parameters and the masses of some
sparticles as well as the production cross sections for the
points used to exercise and test the appropriate HLT selec-
tion paths. The SUSY mass spectra and branching ratios
were calculated using ISAJET 7.51 [42]. This information
was imported into HERWIG 6.301 [43], which was used to
generate the samples. The points were chosen to give a var-
iety of potential SUSY signatures. Point 4 has enhanced
slepton (especially stau) production. Point 5 is a “typical”
SUSY point with squarks lighter than gluinos resulting in
large Frr. At point 6 the gluinos are lighter than the squarks
resulting in large jet multiplicity final states with a smaller
Fr than a typical point. At point 7 stau and sneutrino
production is enhanced. Point 8 is characterized by an en-
hanced b-jet yield compared to point 7, due to neutralino
decays to higgs while the Fr is similar to that of point 7.
For point 9, the gluinos are lighter than all squarks, ex-
cept for the lighter stop, thus allowing the decay of gluino
to the lightest stop which dominates and therefore events
have many jets and smaller Frr. While these exact points
(points 4, 5, and 6 in particular) may be excluded by LEP
Higgs searches, Higgs production and the exact mass for
the Higgs in the decays does not play an important role
in the observability or the characteristics of these events.
The same points are used to simulate SUSY with R-parity
violation with x9 — jj7.

For the low-mass points, simple triggers with jets and
Fr were considered. At low luminosity a 3-jet trigger and
a jet+Jr trigger are considered at Level-1. For the HLT,
the jet+Fr and the 4-jet channel are considered. Figure 62
(left) shows the 4-jet HLT trigger rate versus the signal ef-
ficiency for events that pass the Level-1 jet+ Frr trigger for
the six SUSY points as the threshold on the leading jet is
varied. Figure 62 (right) shows the rate versus efficiency for
the jet+ Fr trigger as the threshold on the Fris varied. The
arrows on the plots indicate the thresholds chosen for the
low luminosity trigger table as a compromise between ef-
ficiency and bandwidth. Table 29 summarizes the Level-1
and HLT thresholds values, the trigger rates and signal ef-
ficiencies for a set of points and for low luminosity running.
Points 4R, 5R and 6R are the corresponding R-parity vi-
olating ones. The HLT efliciencies shown are with respect
to events that pass the Level-1 trigger. After the first few
runs, and once the actual trigger conditions are known,
more triggers will be added to increase the efficiency for
SUSY signals.

Table 28. Parameters used for the generation of the SUSY mSUGRA samples used
in this paper. For all points Ag =0, tan 8 = 10, and p > 0. Masses are in Ge\//c2 and

cross section in pb

Point My My o o

4 20 190 181
5 150 180 213
6 300 150 500
7 250 1050 0.017
8 900 930 0.022
9 1500 700 0.059

mg mug, m)Z(l) M,
466 410 70 110
447 415 66 110
349 406 45 106
2235 1986 445 122
2032 1962 391 121
1625 1975 293 120
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Fig. 62. HLT rate versus efficiency for SUSY signals, for events that pass the Level-1 jet +Fr trigger. (Left) HLT rate-efficiency
contours for each point and for a range of jet thresholds using the 4-jet trigger path. (Right) HLT rate-efficiency contours for each
point and for a range of fr thresholds using the jet +Fr trigger path

Table 29. The Level-1 and HLT thresholds, rates and efficiencies for six supersymmetry points at
low luminosity. The HLT efficiencies are with respect to events that pass the Level-1 trigger. All
thresholds refer to the values with 95% efficiency, with the exception of the Level-1 fp which is the

actual threshold value. For a definition of the SUSY points, see text

Level-1 Trigger

High-Level Trigger

SUSY point 1 jet > 88 GeV+ 1 jet > 180 GeV+
Fr > 46 GeV 3jets, Ep >86GeV  Fr >123GeV 4 jets, ET > 113 GeV
efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(cumulative) (cumulative)
4 88 60 (92) 67 11 (69)
5 87 64 (92) 65 14 (68)
6 71 68 (85) 37 16 (44)
AR 67 89 (94) 27 28 (46)
5R 58 90 (93) 17 30 (41)
6R a7 84 (87) 9 20 (26)
Background rate (kHz) rate (kHz) rate (Hz) rate (Hz)
(cumulative rate) (cumulative rate)
2.3 0.98 (3.1) 5.1 Hz 6.8 (11.8)

For the high luminosity case, the high mass SUSY
points 7, 8, and 9 are considered (as well as the corres-
ponding R-parity violating ones). It is straightforward to
design highly efficient triggers for these samples. Table 30
summarizes the optimized Level-1 and HLT requirements
and output rates. The Level-1 trigger used are the single
jet+Fr and a 3-jet trigger, while the HLT uses a Frp and
a 4-jet selection.

9.4 Other new particle searches

Many scenarios of new physics, such as technicolour,
“Little Higgs” models [44], and grand unified theories, pre-
dict new particles that decay to two jets. Table 31 lists

some of the expected limits on various particles at LHC
turn-on [45].

Because the contribution to the measured width of a di-
jet resonance from the calorimeter resolution is large com-
pared to the intrinsic width of most of these new particles,
the results for different particles scale according to their
production cross sections. The search for the Z’ is used as
an example here. The results for other particles can be es-
timated by scaling these results.

The search for low-mass di-jet resonances at the LHC
will be challenging due to the large backgrounds from stan-
dard model processes. Significant amounts of data below
the resonance will be needed to be fitted to obtain the free
parameters in the ansatz. A very approximate estimate for
the luminosity needed for a 5o discovery can be obtained
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Table 30. The Level-1 and high-Level trigger threshold values, rates and efficiencies for six super-
symmetry points at high luminosity. The HLT efficiencies are with respect to events that pass the
Level-1 trigger. All thresholds refer to the values with 95% efficiency, with the exception of the
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Level-1 Fr which is the actual cut value. For a definition of the SUSY points, see text

Level-1 Trigger

High-Level Trigger

SUSY point 1Jet > 113 GeV+ 3jets, Ep > 111 GeV  Fr > 239GeV 4 Jets, E1 > 185 GeV
Pr > 70 GeV
efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(cumulative) (cumulative)
7 90 62 (90) 85 18 (85)
8 97 76 (98) 90 28 (92)
9 91 67 (94) 72 28 (76)
R 91 99 (100) 70 75 (90)
SR 86 100 (100) 58 78 (88)
9R 75 99 (100) 41 52 (64)
Background rate (kHz) rate (kHz) rate (Hz) rate (Hz)
(cumulative rate) (cumulative rate)
45 1.1 (5.4) 1.6 1.5(3.0)

Table 31. Expected mass limits on new particles that decay to
di-jets at LHC turn-on [45]

into account systematic uncertainties and the problem of
fitting for the free parameters.
The results are listed in the second column of Table 32.

Particle Limit for 2fb~!  Limit for 100 fb~ ! The analysis assumes that data will be needed down to
(GeV /c?) (GeV /c?) an E cutoff of at least at M /4. As an example, the dis-

, covery of a Z' with mass 600 GeV /c?, will require data
W, 720 920 down to an Er cutoff of 150 GeV. Table 32 lists the rate
z . 720 940 at Ep = M /4, the prescaling factor and resulting rate that
iii(;;?oia;rks 1%8 1;38 WOll'ld bfa needeo'l to discover this p‘article in 1 year of IOW
excited quarks 910 1180 luminosity running (20 fb=!), and in 5 years of low lumi-

by estimating the number of events due to the signal in
a window with a width 420 of the Gaussian part of the
resonance and demanding a 50 excess. This yields a lower
limit on the required luminosity because it does not take

nosity running (100 fb—1).

One can also consider the time it takes to discover the
7' as a function of the Z’ mass for a constant rate to
storage. The instantaneous luminosity in LHC is expected
to have an exponential decay, and therefore the rates at
a given threshold also decrease exponentially. Applying
this model, and using dynamic prescaling to keep the rate

Table 32. Minimum requirements to discover a Z’ decaying to two jets. Listed are:
the integrated luminosity needed to have a 502’ signal,the threshold on the jet trig-

ger E1 used to determine the luminosity,

the rate for the single jet trigger at that

threshold, the rate needed to acquire the events within 1 year (20 fb~!) (and also, in
parenthesis, the prescale factor required and the number of events), and the rate and

prescale to acquire that number of events in 5 years
Z' mass Luminosity M/4 rate rate rate
(prescale) (events) (prescale)
1 year 5 years
(TeV /c?) b1 GeéV  Hz Hz Hz
0.6 1.4 150 800 56 (14.2) (40 x 10%) 11(71)
0.8 2.3 200 200 23 (8.7) (26 x 10%) 4.5 (443)
1.0 4.3 250 55 12 (4.7) (26 x 10°) 2.3 (24)
1.2 7.3 300 25 9 (2.7) (33 % 1062 1.9 (13)
1.4 14 350 11 7.8 (1.4) (55 x 10°) 1.6 (7)
1.6 20 400 6 6 (1) (60 x 10°) 1.2 (5)
1.8 31 450 3.5 - 1.1 (3.2)
2.0 52 500 2 - 1.1(1.9)
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to storage constant, the prescaling factor also decreases ex-
ponentially with time.

Furthermore, one can assume several dynamic prescale
scenarios

— an exponential luminosity decay with time constant of
10 hours, during a beam fill of 10 hours, and a fixed rate
to storage for the single jet trigger of 20 Hz;

— a fixed prescale, with a rate to tape for the single jet
trigger of 20 Hz at £ =2 x 1032 cm—2s~1;

— an exponential luminosity decay with a 10-hour life-
time, during a beam fill of 10 hours, a fixed rate to
storage for all triggers of 100 Hz, taking an initial rate
for the single-jet triggers of 5 Hz.

All three scenarios assume 20 fb~! per year for low lu-
minosity running. Figure 63 shows the time to discovery for
these three options.

Further topics of new physics include for example extra
dimensions and little Higgs models. In general massive ob-
jects are produced in these scenarios, for which the CMS
trigger can perform efficiently. A few examples are given for
illustration.

Extra dimensions may be an explanation, via geometry,
for the large disparity between the electroweak and Planck
scale as well as the flavour structure we observe in the stan-
dard model. The energy scale where the extra dimensions
operate is not theoretically known. The most likely scale
is the GUT /Planck scale around 10'°-10'° GeV. There is
no strong experimental constraints to date, that excludes
the existence of large extra dimensions that have an effect
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Fig. 63. Time of obtaining 5o significance over the background
for the 3 prescale schemes described in the text as a function of
the Z’' mass
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in the physics at the TeV scale. Examples of signatures of
extra dimensions within the most popular models are:

- qq,99 — gG,ZG,vG (ADD models), where G is the
graviton that escapes detection. These signatures im-
ply the presence of missing Er in the final state as in
the case of supersymmetry events in association with
a jet or a boson. For the most promising channel the sig-
nal may become visible over the standard model back-
grounds for Fr values of 500 GeV [47]. These events can
be efficiently triggered at Level-1 using the single jet
plus Fr, or the single lepton triggers.

-qq, 99— G—>WW, ZZ, vy (ADD and RS models).
These signatures use isolated photons, electrons and
muons and sometimes jets from weak boson decays. For
ADD models there is a continuum of graviton mass
states over the whole energy range, while in case of the
RS models a series of resonances is expected with the
first one in the TeV mass range. The massive resonances
will be easily triggered by the lepton and jet triggers.

- qq,99 >7"/Z", G, ee, pp, jet-jet; qg — W — lv (ADD,
RS and TeV ! models). Except for the ADD case again
one expects resonances with masses larger than about
1TeV. The final states with leptons can be triggered
with high efficiency by the lepton triggers. For the ADD
two fermion final states, the di-jet one is least efficient
and has the same acceptance as discussed for the di-jet
7' trigger above.

— In universal extra dimensions models [48], the Kaluza—
Klein (KK) particle spectra resemble the supersym-
metric spectra, with the special characteristic that in
general the mass differences between the KK particle
states are small, leading to jets and leptons produced in
decays with relatively small Er, typically of the order
of a few tens of GeV. In model variations that invoke
KK-parity violation [49], spectacular signatures with
di-leptons, di-photons and di-jets plus missing energy
become important. These can be retained using the sin-
gle or double lepton/photon triggers as well as the jet
plus Fir triggers.

Within Little Higgs models, new particles can be ex-
pected in the TeV range such as heavy top quarks 7' and
new gauge bosons. The T' quarks will decay via channels
such as T — Zt - ZWb;T — Wb; T — ht — hWb. The
new gauge bosons Ay, Zy and Wy can decay in leptons or
the SM gauge bosons. Most analyses [50] use lepton chan-
nels either from the W’s in the decays of the T, or standard
model gauge bosons, with Et cuts of typically O (100) for
leptons produced with |n| < 2.5. The CMS lepton triggers
can efficiently trigger on the production of these new par-
ticles using the lepton trigger paths.

9.4.1 Standard model physics

The measurement of W and Z boson production prop-
erties, and especially their couplings, will be one of the
topics which will be studied at the LHC. Deviations may
hint at new physics. First manifestations of supersymme-
try may have to be discriminated against a background
of W+jets and Z+jets events. The same holds for heavy
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flavour physics and, in particular, studies of the top quark,
where couplings, rare decay modes, spin measurements
and correlations have to be studied. W, Z and top-quark
production also provide key tests of QCD.

The main channels for analysis of W and Z bosons at
LHC will be their leptonic decays. The efficiencies for W
and Z bosons have been determined in the previous sec-
tions of this report for electrons and muons. The produc-
tion rates for W — ev and Z — ee are approximately 20 nb
and 2 nb respectively and therefore lead to a rate of events
of 40 and 4 Hz respectively at low luminosity.

About 60% of the produced W-bosons will have an elec-
tron in the fiducial volume of the ECAL |n| < 2.5. Using the
single electron trigger the overall efficiency is 67% (59%) at
low (high) luminosity.

Similar numbers are obtained for the muon decay chan-
nel. Here the geometrical fiducial acceptance of |n| < 2.1
is about 50%, and the trigger acceptance using the single
muon trigger is 69% at low luminosity and 42% at high
luminosity. For the channel Z — pp with muons in the fidu-
cial volume, the trigger acceptance is larger and amounts
t0 92% (86%) at low (high) luminosity.

The efficiency for top quarks via the decay tt— pu+ X
amounts to 72% at low luminosity. Detailed studies of top
production and decay properties will be among the main
physics topics of the first years of running. Top-quark pro-
duction is often the main background in various searches,
foremost in SUSY searches, and for this reason it will have
to be understood thoroughly early on in the LHC physics
program.

9.5 Summary

A prototype trigger table for the Level-1 and the HLT se-
lection at a start-up luminosity of 2 x 1033 cm™2s~! has
been presented and studied in detail. The assumption of
this table is a total DAQ bandwidth of 50 kHz. It has been
shown that high efficiencies for most physics objects are at-
tainable with a selection that remains inclusive and avoids
topological or other biases on the event. The overall CPU
requirement of this selection is approximately 300 ms on an
Intel 1 GHz Intel Pentium-IIT CPU.

Much more sophisticated trigger requirements can, and
will be used. As an example, at a minimum, as the in-
stantaneous luminosity drops throughout a fill of the LHC
bandwidth will be freed from the triggers discussed here.
This additional bandwidth can be reallocated to the same
triggers by decreasing the thresholds, as in the example of
the di-jet resonance dynamic prescale factors discussed in
this chapter.

The additional bandwidth may also be used in intro-
ducing new triggers for example non-top heavy flavour spe-
cific. Introduction of such triggers is then purely an issue
of whether there are adequate CPU resources for the se-
lection of the relevant events. The systematic optimization
of the track reconstruction code and the extensive use of
regional and conditional track reconstruction allow for the
very fast search and the full reconstruction of B-meson de-
cays. Furthermore, the optimization of the tracking code
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indicates that it can be applied to the full Level-1 event
rate at both low and high luminosity. This would extend
and complement the current Level-2 selections described in
this section. There is ongoing work in the area of optimiza-
tion of the tracking code and of its application in various
parts of the selection.

The selection presented in this paper indicates that
the CMS trigger system — which has been designed and
is presently being built— has sufficient level of sophis-
tication and flexibility to provide the HLT selection of
1:1000 in a single processor farm. Furthermore, the full
event record is available, and the software that implements
all algorithms can be changed and extended. The CMS
HLT architecture allows the implementation of further im-
proved selection algorithms to be applied on the various
physics channels, as well as for adjusting to unforeseen
circumstances resulting from the beam conditions, high
background levels or new physics channels not previously
studied. With the robust and reliable HLT architecture,
CMS is looking forward to collecting the data from the
LHC collisions in 2007.

Appendix : Level-1 trigger at CMS

The CMS Level-1 trigger system is organized into three
major subsystems: (i) the Level-1 calorimeter trigger, (ii)
the Level-1 muon trigger, and (iii) the Level-1 global trig-
ger. The muon trigger is further organized into subsys-
tems representing the three different muon detector sys-
tems, the drift tube trigger (DT) in the barrel, the cathode
strip chamber (CSC) trigger in the endcap and the resis-
tive plate chamber (RPC) trigger covering both barrel and
endcap. The Level-1 muon trigger includes a global muon
trigger that combines the trigger information from the DT,
CSC and RPC trigger systems, and sends this to the Level-
1 global trigger.

The data used as input to the Level-1 trigger system as
well as the input data to the global muon trigger, global
calorimeter trigger and the global trigger are transmitted
to the data acquisition system (DAQ) for storage along
with the event readout data. In addition, all trigger ob-
jects found, whether they were responsible for the Level-1
trigger accept decision or not, are also sent. The decision
whether to trigger on a specific crossing or to reject that
crossing is transmitted to all of the detector subsystem
front-end and readout systems.

A.1 Level-1 calorimeter trigger

The CMS calorimeter trigger has 4176 trigger towers. Of
these 2448 are in the barrel, 1584 in the end cap and 144
in the forward calorimeters (Fig. 64). Each ECAL half-
barrel is segmented in 177 x 74¢-towers resulting in indi-
vidual trigger towers of dimension in n—¢ of 0.087 x 0.087.
A trigger tower in the barrel is formed by 5 x 5 crystals.
The ECAL trigger towers are divided in strips of 17 x 5¢
crystals (Fig. 65). The strip information allows for a finer
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Fig. 64. Layout of the calorimeter trigger towers in the r—z projection

analysis of the lateral energy spread of the electromag-
netic showers. The strips are arranged along the bending
plane in order to collect in one or two adjacent strips al-
most all the energy of electrons with bremsstrahlung and
converted photons. In the ECAL endcap where the crys-
tals are arranged in a x—y geometry, the trigger towers do
not follow exact (7, ¢) boundaries. The trigger tower aver-
age (1), ¢) boundaries are 0.087 x 0.087 up to n ~ 1.74. The
trigger tower size in 7 is growing with 1 as shown in figure
(Fig. 64). The number of crystals per trigger tower varies
between 25 at n ~ 1.5 and 10 at n ~ 2.8. Both in the bar-
rel and in the endcap the boundaries of ECAL and HCAL
trigger towers follow each other. Each trigger tower in the
barrel corresponds to the 7, ¢ size of an HCAL physical
tower and the HCAL tower trigger energy is the sum of the
first two inner longitudinal segments.

In the end cap (> 1.479) two ECAL trigger towers
correspond to one HCAL physical tower in ¢. In this re-
gion the HCAL energy of one tower is equally divided be-
tween the two ECAL trigger towers that correspond to it.
In the barrel-endcap transition region, barrel and endcap
segments are summed together.

The trigger segmentation of the forward hadron calo-
rimeter (HF) does not have fine ¢ binning because this
detector does not participate in the electron or photon trig-
gers. However the coverage needs to be seamless for the
jet and missing energy triggers. The segmentation in the
forward region matches the boundaries of the 4 x 4 trig-
ger regions in the rest of the calorimetry. The resulting HF
trigger tower segmentation of 4n x 18¢ is used in the jet
and missing energy triggers. The ¢ bins are exactly 20°
(4 x0.087) and the n divisions are approximately the size
of the out end cap divisions. The jet trigger extends seam-
lessly to |n| = 5. The missing transverse energy is computed
using 20° divisions for the entire 7, ¢ plane.

The trigger towers are organized in calorimeter regions,
each one formed by 4 x 4 trigger towers. Each of the HF

towers is treated as 4 x 4 region since it is segmented in
20°¢ bins. The calorimeter 4 x 4 regions are the basis of the
jet and energy triggers. The —¢ indexes of the calorimeter
regions are used to identify the location of L1 calorime-
ter trigger objects (electron/photons and jets) in the upper
stages of the trigger chain.

The transverse energy sum is computed for each calori-
meter trigger tower. The ECAL trigger cell Er is the sum
of the E'p of 5 x 5 crystals in the barrel and a variable num-
ber of crystals in the endcap. The HCAL trigger cell Er is
the sum of the Er of the longitudinal compartments of the
inner hadron calorimeter.

For every ECAL trigger tower the information that re-
flects the lateral extension of the electromagnetic shower
(referred to as “Fine Grain” or FG veto bit) is used to im-
prove the rejection of background in the electron trigger.
The FG veto bit is active when the highest energy adja-
cent strip pair has less than a programmable fraction R
(typically 90%) of the tower energy. Electrons and photons
(converted or non-converted), in the presence of noise and
high luminosity pileup, have R < 0.9 in 2% of the cases.
The energy for the trigger tower is sent in E scale rather
than E scale so the trigger scale is not sensitive to min-
imum ionizing particle energy deposit in the HCAL. The
fine grain bit is used to identify minimum ionizing par-
ticles requiring the HCAL tower energy to be inside a pro-
grammable energy range. The data is transmitted to the
regional calorimeter trigger (RCT), which finds candidate
electrons, photons, taus, and jets. The RCT separately
finds both isolated and non-isolated electron/photon can-
didates and transmits them along with sums of transverse
energy to the global calorimeter trigger (GCT). The GCT
sorts by Et the candidate electrons, photons, taus, and jets
and forwards the top four of each type to the global trigger.
The GCT also calculates the total transverse energy and
total missing energy vector. It transmits this information
to the global trigger. The RCT transmits an (7, ¢) grid of
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Fig. 65. Calorimeter trigger tower layout in one ECAL half-barrel supermodule. The trigger towers are organized in calorimeter

regions of 4 x 4 towers

“quiet” regions to the global muon trigger for muon isola-
tion cuts.

A.2 Level-1 electron and photon triggers

The electron/photon trigger uses a 3 x 3 trigger tower slid-
ing window technique which spans the complete 1, ¢ cov-
erage of the CMS electromagnetic calorimeter. Two inde-
pendent streams are considered, non-isolated and isolated
electrons/photons. The isolated stream requires electro-
magnetic and hadronic energy isolation criteria. The im-
plementation of longitudinal and lateral shower profile se-
lection cuts, as well as electromagnetic and hadronic isola-
tion programmable criteria provides safety and flexibility
for the calorimeter electron/photon trigger.

An overview of the electron/photon isolation algorithm
is shown in Fig. 66. This algorithm involves the eight near-
est trigger tower neighbors around the central hit trig-
ger tower and is applied over the entire (7, ¢) plane. The
electron/photon candidate Eris determined as follows:
The Er of the “hit trigger tower” (electromagnetic plus
hadronic, indicated as HitMax in Fig. 66) is summed with
the highest of the four broad side neighbor towers (indi-
cated as MaxE, in Fig. 66). The summed transverse energy
of the two towers provides a sharper efficiency turn-on with
the true ET of the particles.

0.01757 Sliding window centered on all
n—b ECAL/HCAL trigger tower pairs
=Q.0175¢

i a Candidate Energy:
E MaxE , of4

4 Max | Neighbors

= Hit Hit + Max

= E, > Threshold

)

i) § |=0087 ¢

|
0.087 n

Fig. 66. Electron/photon trigger algorithm

The non-isolated candidate requires passing of two
shower profile vetoes, the first of which is based on the fine-
grain ECAL crystal energy profile (FG veto). The second
is based on the HCAL to ECAL energy comparison, e.g.
Had/Emless than 5% (HAC veto). The isolated candidate
requires passing two additional vetoes the first of which
is based on passing the FG and HAC Vetoes on all eight
nearest neighbors, and the second on the existence of at
least one quiet corner, i.e., one of the five-tower corners has
all crystals below a programmable threshold, e.g., 1.5 GeV.
Each candidate is characterized by the 7, ¢ indices of the
calorimeter region where the hit tower is located.

In each calorimeter region (4 x 4 trigger towers) the
highest Et non-isolated and isolated electron/photon can-
didates are separately found. The 16 candidates of both
streams found in a wider trigger region corresponding to
16 calorimeter regions (covering 7 x ¢ = 3.0 x 0.7) are fur-
ther sorted by transverse energy. The four highest- E1 can-
didates of both categories are transferred to the global
calorimeter trigger (GCT) and retained for processing by
the CMS global trigger. The nominal electron/photon al-
gorithm allows both non-isolated and isolated streams.
The non-isolated stream uses only the hit tower infor-
mation including any leakage energy from the maximum
neighbor tower. This stream will be used at low luminos-
ity to provide the electron trigger from b semileptonic de-
cays. The isolation and shower shape trigger cuts are pro-
grammable and can be adjusted to the running conditions.
For example, at high luminosity the isolation cuts could
be relaxed to take into account higher pileup energies. The
specification of the electron/photon triggers also includes
the definition of the n—¢ region where it is applicable. In
particular, it is possible to define different trigger condi-
tions (e.g. energy thresholds and isolation cuts) in different
rapidity regions. The efficiency of the electron/photon al-
gorithm, as a function of the electron transverse momen-
tum, for different thresholds applied at Level-1, is shown
in Fig. 67. Also shown is the efficiency, as function of pseu-
dorapidity for electrons with pp = 35 GeV/c. To connect
the Level-1 threshold to an effective requirement on the
electron transverse momentum, the electron pr at which
the Level-1 trigger is 95% efficient, is determined as func-
tion of the Level-1 threshold. This is shown in Fig. 68. From
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Fig. 68. The electron pr at which the Level-1 trigger is 95%
efficient as a function of the Level-1 threshold

this result, the rate for electron/photon triggers as a func-
tion of the effective cut on the E, i.e. of the point at which
the trigger is 95% efficient, can be computed. Figure 69
shows the rates for single electrons as a function of the
Er of the electron (95% point). Double-, triple- and quad-
electron/photon triggers can be defined. The requirements
on the objects of a multi-electron/photon trigger, namely
the energy threshold, the cluster shape and isolation cuts
and the (1, ¢) region, are set individually. Requirements on
the (7, @) separation between objects can also be defined.

A.3 Jet and T-jet triggers

The jet trigger uses the transverse energy sums (electro-
magnetic plus hadronic) computed in calorimeter regions
(4x4 trigger towers as shown if Fig. 70. In the forward
hadron calorimeter the region is the trigger tower itself.
The jet trigger uses a 3 x 3 calorimeter region sliding win-
dow technique which spans the complete (7, ¢) coverage
of the CMS calorimeters seamlessly. The central region
E is required to be higher than the eight neighbor region
Er values. In addition, the central region E is required to
be greater than a fixed value, to suppress noise. The jets
and 7-jets are characterized by the transverse energy ET in
3 x 3 calorimeter regions. Therefore the summation spans
12 x 12 trigger towers in the barrel and the endcap or 3 x
3 towers in the forward hadron calorimeter. The ¢ size of
the jet window is the same everywhere (60°) while the n
binning is increasing as a function of 7 according to the
calorimeter and trigger tower segmentation. The jets are
labeled by their (7, ¢) indices.

Single and three-prong decays of T-leptons form narrow
clusters of energy deposits in the calorimeter. Since the de-
cays involve charged pions which deposit energies in the
hadron calorimeter, the electron/photon trigger does not
capture them. Therefore, the transverse profiles of active
tower patterns are analyzed to tag narrow jets as poten-
tial 7-lepton decays. An active tower is defined as a trigger
tower with ECAL or HCAL Er above a separately pro-
grammable threshold. The energy deposit in each trigger
tower, ECAL and HCAL separately, is compared to a pro-
grammable threshold to obtain two 4 x 4 single-bit activity
patterns. The energy deposit pattern in the 4 x 4 region
is examined and if the pattern does not match any of the
1-, 2-, 3- and 4-tower patterns shown in Fig. 70, this re-
gion cannot include a 7-cadidate therefore, its “tau-veto”
bit is set. At the next stage of processing, overlapping 3 x
3 regions, i.e., 12 x 12 trigger towers, is considered. These
1.044 x 1.044 n—¢ sums define jets if the central region has
more energy than its 8 neighbors. The logical OR of the
tau-bits of these 9 regions constitute the ultimate tau-veto
for the jet. If this jet does not have tau-veto set, it is rede-



The CMS Collaboration: The CMS high level trigger

Cevel-1 single e.m.
3 2x10%%/cm?/s
T Py 1|

e R AN [ After FG + HoE
—— After isolation

T

i
(=]

Rate (kHz)

IPETE U DS PEDETE T P PRI

20 25 30 35 40 45
Level-1 E(95%) (GeV)

10 et

663

10 3¢ _ —
3 _ Level-1 single e.m.
C ' 10*/cm?/s
SEEEENEEEE RS Y R A"
o UL | e After FG + HoE
3 oo [ —— After isolation
..Q 'H — T — . e
~ 10 =
I
X
S
[)
] L |
> |
....I-...I;.A-‘I.-..I....

120 25 30 35 40 45
Level-1 E;(95%) (GeV)

Fig. 69. The rate of the single electron/photon Level-1 trigger at low (left) and high (right) luminosity. FG and HoE refer to the
shower profile and hadronic over electromagnetic energy isolation criteria

¢ Trigger
Tower ( D
’;é
IK
\
HCAL

E’ﬁ ECAL

PbWO4 Crystal Asn A¢=0_34g

ya AN

N A,Ap =1.04 :

fined as a tau-jet and is sorted in pr separately. The 7-veto
bits can be used both for 7-like energy deposit identifica-
tion and stringent isolation. Counters of the number of jets
above programmable thresholds in various 7 regions are
provided to give the possibility of triggering on events with
a large number of low energy jets. Jets in the forward and
backward hadron calorimeters are sorted and counted sep-
arately (due to background 7-dependence) but the global
trigger uses them seamlessly. The four highest energy cen-
tral and forward jets, and central taus in the calorime-
ter are selected. The selection of the four highest energy
central and forward jets and the four highest energy taus
provides enough flexibility for the definition of combined
triggers. Single, double, triple and quad jet (including 7-jet
) triggers are possible. The single jet (7-jet ) trigger is de-
fined by the transverse energy threshold, the (7, ¢) region
and by a prescaling factor. Prescaling will be used for low
energy jet (7-jet) triggers, necessary for efficiency measure-

Fig. 70. Jet and 7 trigger algo-
rithms

ments. The multi-jet (7-jet) triggers are defined by the jet
multiplicity and the jet transverse energy thresholds, by
a minimum separation in (7 — ¢), and by a prescaling fac-
tor. The global trigger accepts the definition, in parallel, of
different multi-jet (7-jet) trigger conditions.

A.4 Transverse energy triggers

The Er triggers use the transverse energy sums (Em-+Had)
computed in calorimeter regions (4 x4 trigger towers
in barrel and endcap). E, and E, are computed from
Er using the coordinates of the calorimeter region center.
The computation of missing transverse energy from the
energy in calorimeter regions does not affect significantly
the resolution for trigger purposes. The missing Et is com-
puted from the sums of the calorimeter regions F, and
E,. The sum extends up to the end of forward hadronic
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calorimeter, i.e., |n| = 5. The missing Et (fr) triggers are
defined by a threshold value and by a prescaling factor. The
global trigger accepts the definition, in parallel, of differ-
ent missing Er triggers conditions. The total ET is given
by the sum of the calorimeter regions Er. The sum extends
up to the end of forward calorimeter. The total Et triggers
are defined by a threshold value and by a prescaling fac-
tor. The global trigger accepts the definition, in parallel,
of different total Er triggers conditions. The total energy
trigger is implemented with a number of thresholds which
are used both for trigger studies and for input to the lu-
minosity monitor. Some of these thresholds are used in
combination with other triggers. Other thresholds are used
with a prescale and one threshold is used for a stand-alone
trigger. The lower threshold Er trigger provides a good
calorimeter and trigger performance diagnostic.

The Hr trigger is defined as the scalar sum of the Et of
jets above a programmable threshold with a typical value
of jet Er > 10 GeV. This trigger is not as susceptible as the
total Er given by the sum of the calorimeter regions Er de-
posits to both noise and pileup effects. Although the total
E7 is a necessary technical trigger, it has limited use from
the physics point of view. The Hr trigger can capture high
jet multiplicity events such as those from fully hadronic top
decay, hadronic decays of squarks and gluinos. Although
these events have several hundred GeV/c? energy, they
may actually fail the jet triggers because the Er of individ-
ual jets could be softer than the thresholds. In addition, the
Hr trigger can use individually calibrated jet energies un-
like the total Er trigger which cannot be easily calibrated.

For each calorimeter region of 4 x 4 trigger towers
a “Quiet” and “MIP” bit is computed. The Quiet bit
is “on” if the transverse energy in the calorimeter re-
gion is below a programmable threshold. The MIP bit in
a calorimeter region requires on top of the Quiet bit con-
dition, that at least one of the 16 trigger towers has the
HCAL fine grain bit “on”. The quiet and MIP bits are used
in the global muon trigger.

A.5 The Level-1 muon trigger

The muon measurement at CMS is performed by drift
tubes (DT) located outside the magnet coil in the barrel
region and cathode strip chambers (CSC) in the endcap
region. The CMS muon system is also equipped with resis-
tive plate chambers (RPC) both in the barrel and endcap
regions used in triggering and reconstruction. The Drift
Tube system is comprised of four muon stations interleaved
with the iron of the yoke to make full use of the magnetic
return flux. Each station in comprised of two or three su-
perlayers (SL). Each DT superlayer is split in four layers
of staggered drift tubes, while each CSC station is com-
prised of six layers of cathode strip chambers. The Drift
Tube and Cathode Strip Chamber triggers systems process
the information from each chamber locally and are refer-
eed to as local triggers. They provide one vector (position
and angle) per muon per station. Track finders (TF) col-
lect these vectors from the different stations and combine
them to form muon tracks. The track finders play the role
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of a regional trigger. Up to four best (highest pr and qual-
ity) muon candidates from each system are selected and
sent to the global muon trigger. In the case of RPC there is
no local processing apart from synchronization and cluster
reduction. Hits from all stations are collected by the pat-
tern comparator trigger (PACT) which detects the muon
candidates based on the occurrence of predicted hit pat-
terns. Muon Sorters select the top four muons from the
barrel and the top four from the endcaps and send them to
the global muon trigger (GMT). The GMT compares the
information from the TF (DT/CSC) and the pact (RPC)
and attempts to correlate the CSC and DT tracks with
RPC tracks. If two candidates are matched their param-
eters are combined to give optimum precision. The GMT
correlates the muon candidate tracks with the correspond-
ing calorimeter towers, based on the position in n-¢, to
determine if these muons are isolated. Quiet and MIP bits
delivered by the calorimeter trigger are used to form an iso-
lated muon trigger and to confirm the muon trigger using
the calorimeter information. The CSC and drift tube track
finders exchange track segment information in the region
where the chambers overlap. Coarse RPC data can be sent
to the CSC trigger to help resolve spatial and temporal am-
biguities in multimuon events. The final ensemble of muons
are sorted based on their initial quality, correlation and
pr and the four top candidates are sent to the global trig-
ger. Transverse momentum thresholds are applied by the
global trigger for all trigger conditions.

A.5.1 Drift tube (DT) trigger

The drift chambers deliver data for track reconstruction
and for triggering on different data paths at the local trig-
ger Level. The trigger front-end (bunch and track identi-
fier or BTT), is used in ¢ and 7 to perform a rough muon
track fit. It uses the four layers of DTs in one superlayer
to measure the position and direction of trigger candidate
tracks with at least three hits out of four. The algorithm
fits a straight line within programmable angular accept-
ance. The BTI performs the bunch crossing assignment of
every found muon track candidate.

Since this method must foresee alignment tolerances
and needs to accept alignments of only three hits, the al-
gorithm can generate false triggers. Hence in the bending
plane a system composed of a track correlator (TRACO)
and a chamber trigger server (TS) is used to filter the
information of the two ¢ superlayers of a chamber. The
TRACO/TS block selects, at every cycle among the trigger
candidates, at most two track segments with the smallest
angular distances (i.e. higher pr) with respect to the radial
direction to the vertex.

Track segments found in each station are then trans-
mitted to a regional trigger system called drift tube track
finder (DTTF). The task of the track finder is to connect
track segments delivered by the stations into a full track
and assign a transverse momentum value to the finally re-
solved muon track. The system is comprised of sectors (72
in total), each of them covering 30° in the ¢ angle, and
five wheels in the z-direction. Each sector processor is log-
ically divided in three functional units — the extrapolator
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unit (EU), the track assembler (TA) and the assignment
units (AU).

The Extrapolator Unit attempts to match track seg-
ments pairs of distinct stations. Using the spatial coordi-
nate ¢ and the bending angle of the source segment, an
extrapolated hit coordinate is calculated. The two best ex-
trapolations per each source are forwarded to the track
assembler. The track assembler attempts to find at most
two tracks in a detector sector with the highest rank, i.e.
exhibiting the highest number of matching track segments
and the highest extrapolation quality. Once the track seg-
ment data are available to the Assignment Unit, memory-
based look—up tables are used to determine the transverse
momentum and the ¢. The n coordinates, are assigned sep-
arately using hits in the n-superlayers of the three inner-
most station and applying a pattern method.

A.5.2 CSC trigger

The CSC local trigger finds muon segments, also referred
to as local charged tracks (LCTSs), in the 6-layer endcap
muon CSC chambers. Muon segments are first found sep-
arately by anode and cathode electronics and then time
correlated, providing precision measurement of the bend
coordinate position and angle, approximate measurement
of the non-bend angle coordinate, and identification of the
correct muon bunch crossing with high probability.

The primary purpose of the CSC cathode trigger elec-
tronics is to measure the ¢ coordinate precisely to allow
a good muon momentum measurement up to high momen-
tum. The charge collected on an anode wire produces an
opposite-sign signal on several strips, and precision track
measurement is obtained by charge digitization and precise
interpolation of the cathode strip charges. The six layers
are then brought into coincidence in LCT pattern circuitry
to establish position of the muon to an RMS accuracy of
0.15 strip widths. Strip widths range from 6—-16 mm.

The primary purpose of the CSC anode trigger elec-
tronics is to determine the exact muon bunch crossing with
high efficiency. Since the drift time can be longer than
50 ns, a multi-layer coincidence technique in the anode
“local charged track” (LCT) pattern circuitry is used to
identify a muon pattern and find the bunch crossing.

The task of the cathode strip chamber track-finder is to
reconstruct tracks in the CSC endcap muon system and to
measure the transverse momentum (pr), pseudo-rapidity
(1), and azimuthal angle (¢) of each muon. The measure-
ment of pr by the CSC trigger uses spatial information
from up to three stations to achieve a precision similar to
that of the DT Track-Finder despite the reduced magnetic
bending in the endcap.

Cathode and anode segments are brought into coinci-
dence and sent to the CSC Sector Processor electronics
which links the segments from the endcap muon stations.
Each sector processor unit finds muon tracks within 60°.
A single extrapolation unit forms the core of the Sector
Processor trigger logic. It takes the three dimensional spa-
tial information from two track segments in different sta-
tions, and tests if those two segments are compatible with
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a muon originating from the nominal collision vertex with
a curvature consistent with the magnetic bending in that
region. Each CSC sector processor can find up to three
muon candidates within 60°. A CSC muon sorter module
selects the four best CSC muon candidates and sends them
to the global muon trigger.

A.5.3 RPC trigger

The RPC pattern trigger logic (PACT) is based on the
spatial and time coincidence of hits in four RPC muon
stations. Because of energy loss fluctuations and multi-
ple scattering there are many possible hit patterns in the
RPC muon stations for a muon track of defined transverse
momentum emitted in a certain direction. Therefore, the
PACT should recognize many spatial patterns of hits for
a given transverse momentum muon. In order to trigger
on a particular hit pattern left by a muon in the RPCs,
the PACT performs two functions: it requires time coin-
cidence of hits in patterns ranging from 3 out of 4 muon
stations to 4 out of 6 muon stations along a certain road
and assigns a pr value. The coincidence gives the bunch
crossing assignment for a candidate track. The candidate
track is formed by a pattern of hits that matches with
one of many possible pre-defined patterns for muons with
defined transverse momenta. The pre-defined patterns of
hits have to be mutually exclusive i.e. a pattern should
have a unique transverse momentum assignment. The pat-
terns are divided into classes with a transverse momentum
value assigned to each of them. PACT is a threshold trig-
ger; it gives a momentum code if an actual hit pattern is
straighter than any of pre-defined patterns with a lower
momentum code. The patterns will depend on the direc-
tion of a muon i.e. on its ¢ and 7.

A.5.4 Global muon trigger (GMT)

The GMT receives the best four barrel DT and the best
four endcap CSC muons and combines them with 4 +4
muons sent by the RPC PACT. It performs a matching
based on the proximity of the candidates in (7—¢) space.
If two muons are matched, their parameters are combined
to give optimum precision. The GMT also contains logic
to cancel “ghost” tracks that arise when a single muon is
found by more than one muon system and is not other-
wise matched, such as at the boundary between the DT
and CSC muon systems. The selected muon candidates are
ranked based on their transverse momentum, quality and
to some extent pseudorapidity and the best four muon can-
didates in the entire CMS detector are sent to the global
trigger.

The global muon trigger also receives information
from the calorimeters. The regional calorimeter trigger
sends two bits based on energy measurements represent-
ing isolation and compatibility with a minimum ion-
izing particle in Anp x A¢ = 0.35 x 0.35 trigger regions.
The GMT extrapolates the muon tracks back to the
calorimeter trigger towers and the vertex and appends
the corresponding isolation and minimum ionizing bits
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(ISO and MIP) to the track data indicating isolation
or confirmation of the muon by the calorimeter. The
muon track data sent to the GT are the pr, the sign of
the charge, the n and ¢, as well as the ISO and MIP
bits.

A.6 The Level-1 global trigger

The global trigger accepts muon and calorimeter trigger
information, synchronizes matching sub-system data ar-
riving at different times and computes up to 128 trig-
ger algorithms in parallel. The trigger decision is com-
municated to the trigger and control system (TCS) for
distribution to the sub-systems to initiate the readout.
The global trigger decision is made using logical com-
binations of the trigger data from the global calorime-
ter and global muon triggers. The Level-1 trigger sys-
tem sorts ranked trigger objects, rather than histogram-
ming objects over a fixed threshold. This allows all trig-
ger criteria to be applied and varied at the global trig-
ger Level rather than earlier in the trigger processing. All
trigger objects are accompanied by their coordinates in
n—¢ space. For muon candidates the charge is also de-
livered. This allows the global trigger to vary thresholds
based on the location of the trigger objects. It also al-
lows the global trigger to require trigger objects to be
close or opposite from each other. In addition, the pres-
ence of the trigger object coordinate data in the trigger
data (which is read out first by the DAQ after a Level-
1 accept decision) permits a quick determination of the
regions of interest where the more detailed HLT analysis
should focus. Besides handling physics triggers, the global
trigger provides for test and calibration runs, not necessar-
ily in phase with the machine, and for prescaled triggers,
as this is an essential requirement for computing trigger
efficiencies.

The global Level-1 trigger is responsible for deciding
whether to accept or reject an event and for generating the
corresponding L1 accept signal (L1A). The final L1A de-
cision is the logical OR of all algorithms used at L1. This
decision is transmitted through the trigger control system
(TCS) to the timing trigger and control system (TTC).
The TCS automatically prescales or shuts off the L1A case
the detector readout buffers are at risk of overflow.
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