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Outline 

•  Overview of LAT & LAT Event Processing 
•  Detector Subsystems 

–  Silicon Tracker (TKR) 
–  CsI Calorimeter (CAL) 
–  Anti-coincidence Detector (ACD) 
–  Trigger and Filter 

•  Event Reconstruction 
–  Sub-systems reconstruction 
–  Event level analysis 

•  For additional reading here are two excellent references on the LAT 
–  LAT Instrument Paper: Atwood et al. 2009, 

2009ApJ...697.1071A [arXiv:0902.1089] 
–  LAT Performance Paper: Ackermann et al. 2012, 

2012ApJS..203....4A [arXiv:1206.1896] 

 
 



OVERVIEW OF THE LAT & 
LAT EVENT PROCESSING 
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The Fermi Large Area Telescope 
4 

Si-Strip Tracker (TKR): 
convert γ->e+e- 

reconstruct γ direction 
EM v. hadron separation 
 

Hodoscopic CsI Calorimeter 
(CAL): 
measure γ energy 
image EM shower 
EM v. hadron separation 

Anti-Coincidence Detector 
(ACD):   
Charged particle separation 
 

Fermi-LAT: 
Modular design with 3 Subsystems 
Calorimeter and Tracker organized 
in 4x4 modules 
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Data Acquisition and Event Analysis 

Trigger 

On-board Filter 

CAL Recon 

“Merit” Variables 

ACD Recon 

TKR Recon 

Energy Analysis 

PSF Analysis 

Charged Particle 
Rejection 

TKR Topology 

CAL Topology 

Event 
Classification 

On-board Data 
Acquisition 
Systems 

Event 
Reconstruction 

(Particle Physics) 

Event-level Analysis 
(Classification Trees) 

Standard γ-ray 
Classes 
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Diagnostic 

Events 
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Principle of Operation 

•  Tungsten foils in the tracker 
induce conversions of gamma 
rays to e+/e- pairs 

•  Interleaved Si Layers record hits 
left by the e+/e- pair as it passes 
through the tracker and measure 
the particle trajectory 

•  Calorimeter measures the 
gamma-ray energy from the 
amount of scintillation light 
produced by the electromagnetic 
shower 

•  Anticoincidence detector provides 
a veto against charged particles 
which enter the LAT 
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SILICON TRACKER (TKR) 



Silicon Tracker 

•  Silicon tracker is the primary subsystem 
for direction reconstruction 

•  Tracker is organized in 4 identical towers 

•  Each tower contains 18 bi-layers, (x,y 
planes) with silicon strip detectors (SSDs) 
of thickness 400 µm and pitch 256 µm   

•  Silicon layers are divided into Front and 
Back sections by thickness of associated 
conversion foils 

–  Front: 12 Layers thin (0.03 X0) Tungsten 
–  Back: 4 Layers thick (0.12 X0) Tungsten 
–  2 Layers no Tungsten 
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Figure 1. Schematic of the LAT, including the layout of the 16 CAL modules
and 12 of the 16 TKR modules (for graphical clarity the ACD is not shown).
This figure also defines the (θ,φ) coordinate system used throughout the paper.

the entire mission to date, and since then all data have been
processed only with Pass 7.

This paper has two primary purposes. The first is to describe
Pass 7 (Section 3), quantifying the differences with respect to
Pass 6 when necessary. The second is to detail our understand-
ing of the LAT, and toward that end we describe how we have
used flight data to validate the generally excellent fidelity of our
simulations of particle interactions in the LAT, as well as the
resulting IRFs and residual charged particle contamination. In
particular, we describe the methods and control data samples
we have used to study the residual charged particle contami-
nation (Section 4), effective area (Section 5), PSF (Section 6),
and energy dispersion (Section 7) of the LAT. Furthermore, we
quantify the uncertainties in each case, and discuss how these
uncertainties affect high-level scientific analyses (Section 8).

For convenience, we have included lists of the acronyms
and abbreviations (Appendix B) and notation conventions
(Appendix C) used in this paper.

2. LAT INSTRUMENT, ORBITAL ENVIRONMENT, DATA
PROCESSING, AND SIMULATIONS

In this paper, we focus primarily on those aspects of the LAT
instrument, data, and analysis algorithms that are most relevant
for the understanding and validation of LAT performance.
Additional discussion of these subjects was provided in a
dedicated paper (Atwood et al. 2009). The calibrations of the
LAT subsystems are described in a second paper (Abdo et al.
2009a).

2.1. LAT Instrument

The LAT consists of three detector subsystems. A tracker/
converter (TKR), comprising 18 layers of paired x–y silicon
strip detector (SSD) planes with interleaved tungsten foils,
which promote pair conversion and measure the directions of
incident particles (Atwood et al. 2007). A calorimeter (CAL),
composed of 8.6 radiation lengths of CsI(Tl) scintillation
crystals stacked in eight layers, provides energy measurements
as well as some imaging capability (Grove & Johnson 2010).
An anticoincidence detector (ACD), featuring an array of plastic
scintillator tiles and wavelength-shifting fibers, surrounds the
TKR and rejects CR backgrounds (Moiseev et al. 2007).

TKR front section

TKR back section

CAL

0 3% X×12 

0 18% X×4 

 no W×2 

Figure 2. Schematic of a LAT tower (including a TKR and a CAL module).
The layout of the tungsten conversion planes in the TKR is illustrated.

In addition to these three subsystems, a triggering and data
acquisition system selects and records the most likely γ -ray
candidate events for transmission to the ground. Both the
CAL and TKR consist of 16 modules (often referred to as
towers) arranged in a 4 × 4 grid. Each tower has a footprint of
∼37 cm × 37 cm and is ∼85 cm high (from the top of the TKR
to the bottom of the CAL). A schematic of the LAT is shown in
Figure 1, and defines the coordinate system used throughout this
paper. Note that the z-axis corresponds to the LAT boresight,
and the incidence (θ ) and azimuth (φ) angles are defined with
respect to the z- and x-axes, respectively.

2.1.1. Silicon Tracker

The TKR is the section of the LAT where γ rays ideally
convert to e+e− pairs and their trajectories are measured. A
full description of the TKR can be found in Atwood et al.
(2007, 2009). A simplified schematic of the TKR is shown in
Figure 2. Starting from the top (farthest from the CAL), the first
12 paired layers are arranged to immediately follow converter
foils, which are composed of ∼3% of a radiation length of
tungsten. Minimizing the separation of the converter foils from
the following SSD planes, and hence the lever arm between the
conversion point and the first position measurements, is critical
to minimize the effects of multiple scattering. This section of
the TKR is referred to as the thin or front section. The next four
layers are similar except that the tungsten converters are ∼6
times thicker; these layers are referred to as the thick or back
section. The last two layers have no converter; this is dictated by
the TKR trigger, which requires hits in three x–y paired adjacent
layers (see Section 3.1.1) and is therefore insensitive to γ rays
that convert in the last two layers.

Thus, the TKR effectively divides into two distinct instru-
ments with notable differences in performance, especially with
respect to the PSF and background contamination. This choice
was suggested by the need to balance two basic (and somewhat
conflicting) requirements: simultaneously obtaining good angu-
lar resolution and a large conversion probability. The tungsten
foils were designed such that there are approximately the same
number of γ rays (integrated over the instrument FoV) converted
in the thin and thick sections. In addition to these considerations,
experience on-orbit has also revealed that the aggregate of the
thick layers (∼0.8 radiation lengths) limits the amount of back-
scattered particles from the CAL returning into the TKR and
ACD in high-energy events (i.e., the CAL backsplash) and re-
duces tails of showers in the TKR from events entering the back
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Tracker+CAL Tower 



Images of the Silicon Tracker 
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1x Tracker Tower 

Silicon Strip Plane 

1076 ATWOOD ET AL. Vol. 697

(a) (b)

Figure 4. (a) A flight tracker tray and (b) a completed tracker module with one sidewall removed.
(A color version of this figure is available in the online journal.)

thin foils or no foils. Figure 4(a) shows a flight tracker tray
and Figure 4(b) shows a completed tracker module with one
sidewall removed.

The strips on the top and bottom of a given tray are parallel,
while alternate trays are rotated 90◦ with respect to each other.
An (x, y) measurement plane consists of a layer of detectors on
the bottom of one tray together with an orthogonal detector layer
on the top of the tray just below, with only a 2 mm separation.
The tungsten converter foils in the first 16 planes lie immediately
above the upper detector layer in each plane. The lowest two
(x, y)-planes have no tungsten converter material. The tracker
mechanical design emphasizes minimization of dead area within
its aperture. To that end, the readout electronics are mounted on
the sides of the trays and interfaced to the detectors around
the 90◦ corner. One fourth of the readout electronics boards in a
single tracker module can be seen in Figure 4(b). The interface to
the data acquisition and power supplies is made entirely through
flat cables constructed as long four-layer flexible circuits, two
of which are visible in Figure 4(b). As a result, the dead space
between the active area of one tracker module and that of its
neighbor is only 18 mm.

Incident photons preferentially convert in one of the tungsten
foils, and the resulting e− and e+ particles are tracked by the
SSDs through successive planes. The pair conversion signature
is also used to help reject the much larger background of charged
cosmic rays. The high intrinsic efficiency and reliability of this
technology enables straightforward event reconstruction and
determination of the direction of the incident photon.

The probability distribution for the reconstructed direction
of incident γ -rays from a point source is referred to as the
point-spread function (PSF). Multiple scattering of the e+ and
e− and bremsstrahlung production limit the obtainable res-
olution. To get optimal results requires that the e− and e+
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Figure 5. Illustration of tracker design principles. The first two points dominate
the measurement of the photon direction, especially at low energy. (Note that
in this projection only the x hits can be displayed.) (a) Ideal conversion in W:
Si detectors are located as close as possible to the W foils, to minimize the
lever arm for multiple scattering. Therefore, scattering in the second W layer
has very little impact on the measurement. (b) Fine detector segmentation can
separately detect the two particles in many cases, enhancing both the PSF and
the background rejection. (c) Converter foils cover only the active area of the Si,
to minimize conversions for which a close-by measurement is not possible. (d)
A missed hit in the first or second layer can degrade the PSF by up to a factor of
2, so it is important to have such inefficiencies well localized and identifiable,
rather than spread across the active area. (e) A conversion in the structural
material or Si can give long lever arms for multiple scattering, so such material
is minimized. Good two-hit resolution can help identify such conversions.

directions be measured immediately following the conver-
sion. At 100 MeV the penalty for missing one of the first



Operating the Tracker 

•  Probability of gamma-ray conversion 
within the detector is proportional to 
material radiation length (X0) – most 
gamma rays convert in tungsten foils 
(which have high X0 relative to other 
components of the LAT) 

 
•  The e+/e- pair produces hits in X/Y SSDs 

below each converter which can be used 
to reconstruct a 3-D coordinate (cluster) 
for that particle 

•  Using clusters from adjacent planes we 
can reconstruct a particle trajectory 

•  SSDs in the LAT tracker are extremely 
efficient (~99.9%) and have very low noise 
(~10-6 noise occupancy) 
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two space points measured on the track of the higher
energy particle, so it is crucial that those two measurements
be made close to the photon-conversion vertex, to minimize
the effects of multiple scattering in the following layers of
tungsten and support material. Therefore, the efficiency
of each detection layer should be nearly 100%, and the
inevitable inefficiencies should be localized in known
regions that can be isolated at the analysis stage. Further-
more, the support material should be as transparent to
photons and electrons as possible.

To avoid effects from multiple scattering in the tungsten
foil in which the conversion takes place, there must be a
detector layer with both x and y views immediately below
the foil, as illustrated in Fig. 3. Thin SSDs are ideal for this
purpose. They also readily achieve the desired high detec-
tion efficiency, and they operate reliably without any con-
sumables besides electrical power.

At very high photon energies multiple scattering is
unimportant and the angular resolution is limited by the
ratio of strip pitch to silicon-layer spacing. Since the layer
spacing cannot be made too large without adversely nar-
rowing the instrument field of view and raising the instru-
ment center of gravity, the high-energy response dictates
the choice of strip pitch. Furthermore, it is desirable to
increase the tungsten thickness to improve the effective area
for the relatively rare high-energy photons. Thicker tung-
sten also increases statistics at lower energies, which for

many analyses involving timing studies or transients can
be more important than angular resolution. Therefore, to
give good performance at both ends of the energy range,
the Tracker was designed with both thin and thick con-
verter layers. The first twelve planes of tungsten are each
2.7% radiation length (0.095 mm) in thickness, while the
final four are each 18% radiation length (0.72 mm) in
thickness.

The Tracker mechanical structure must support and
protect the detectors, electronics, and converter foils during
launch, maintaining the precise locations of the detectors
while using a minimal amount of material. It must also
provide passive cooling paths for the waste heat of the elec-
tronics, survive worst-case temperature extremes, and serve
as a shield from electromagnetic interference.

All of these considerations led to the final design with 16
Tracker modules, each assembled from 19 individual trays
supporting a total of 36 planes of silicon detectors. Each tray
is a stiff, lightweight carbon-composite panel with SSDs
bonded on both sides, with the strips on top parallel to those
on the bottom. Also bonded to the bottom surface of all but
the three lowest trays of the tower, between the panel and the
detectors, are the arrays of tungsten foils, one foil to match
the active area of each detector wafer. Each tray is rotated
90! with respect to the one above or below. The detectors
on the bottom of a tray combine with those on the top of
the tray below to form an orthogonal x, y pair with a
2 mm gap between them, and with the tungsten converter
foils located just above. This arrangement positions both
the x and y silicon planes closely following the converter foils
while maximizing the thickness, and thus the ratio of stiff-
ness to mass, of the supporting composite panel.

There are five variations of the tray design, which are
represented in each tower module as follows: the bottom
tray, which includes the interface to the Grid and has no
converter foils, two mid trays with no converter foils, four
mid trays with thick converter foils, eleven mid trays with
thin converter foils, and the top tray, which has thin con-
verter foils.

The gaps and amount of material between the 16
Tracker modules must be minimized to achieve optimal
performance of the detector system. Mounting the front-
end electronics on the sides of the tray panels greatly
reduces the gaps between modules, at the expense of neces-
sitating a right-angle interconnect between SSDs and the
readout electronics multi-chip module (MCM). Thin flexi-
ble-circuit cables connect the nine MCMs on each side of a
Tracker module to the data acquisition electronics, mini-
mizing the wiring mass between modules. The use of car-
bon-composites for the sidewalls provides stiff support
for the Tracker module with minimal scattering of particles
passing from one module to another.

4. Detector design

Much of the improvement in performance of the LAT
over its predecessor, EGRET, arises from the use of

Tungsten
x silicon strips
y silicon strips

T

Layer 1

Layer 2

Layer 3

Photon

Tray Structural
Material

Tungsten
x silicon strips
y silicon strips

Tungsten
x silicon strips
y silicon strips

Fig. 3. Schematic depiction of the measurement of a gamma-ray
conversion. Multiple scattering in successive layers degrades the angular
resolution. Except at high energy, most of the angular information comes
from the first two points on a track. As long as the detector layers are thin
and kept very close to the tungsten foils, the measurement is impacted only
by scattering in the first plane of tungsten, where the photon converts.

W.B. Atwood et al. / Astroparticle Physics 28 (2007) 422–434 425



Tradeoffs in Tracker Design 

•  Tracker angular resolution is limited by 
multiple scattering at low energies and 
strip pitch at high energies 

•  Tracker design is a tradeoff between FoV, 
PSF, and effective area 

–  Large X0 provides high conversion 
efficiency (effective area) but worse PSF 

–  Larger spacing between tracker planes 
improves PSF but decreases FoV 

•  Front and Back sections provide a balance 
between conversion efficiency and good PSF 

–  Back PSF is ~2x worse than Front PSF 
due to larger radiator thickness but 
provides the same conversion efficiency 
in only 4 layers 
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two space points measured on the track of the higher
energy particle, so it is crucial that those two measurements
be made close to the photon-conversion vertex, to minimize
the effects of multiple scattering in the following layers of
tungsten and support material. Therefore, the efficiency
of each detection layer should be nearly 100%, and the
inevitable inefficiencies should be localized in known
regions that can be isolated at the analysis stage. Further-
more, the support material should be as transparent to
photons and electrons as possible.

To avoid effects from multiple scattering in the tungsten
foil in which the conversion takes place, there must be a
detector layer with both x and y views immediately below
the foil, as illustrated in Fig. 3. Thin SSDs are ideal for this
purpose. They also readily achieve the desired high detec-
tion efficiency, and they operate reliably without any con-
sumables besides electrical power.

At very high photon energies multiple scattering is
unimportant and the angular resolution is limited by the
ratio of strip pitch to silicon-layer spacing. Since the layer
spacing cannot be made too large without adversely nar-
rowing the instrument field of view and raising the instru-
ment center of gravity, the high-energy response dictates
the choice of strip pitch. Furthermore, it is desirable to
increase the tungsten thickness to improve the effective area
for the relatively rare high-energy photons. Thicker tung-
sten also increases statistics at lower energies, which for

many analyses involving timing studies or transients can
be more important than angular resolution. Therefore, to
give good performance at both ends of the energy range,
the Tracker was designed with both thin and thick con-
verter layers. The first twelve planes of tungsten are each
2.7% radiation length (0.095 mm) in thickness, while the
final four are each 18% radiation length (0.72 mm) in
thickness.

The Tracker mechanical structure must support and
protect the detectors, electronics, and converter foils during
launch, maintaining the precise locations of the detectors
while using a minimal amount of material. It must also
provide passive cooling paths for the waste heat of the elec-
tronics, survive worst-case temperature extremes, and serve
as a shield from electromagnetic interference.

All of these considerations led to the final design with 16
Tracker modules, each assembled from 19 individual trays
supporting a total of 36 planes of silicon detectors. Each tray
is a stiff, lightweight carbon-composite panel with SSDs
bonded on both sides, with the strips on top parallel to those
on the bottom. Also bonded to the bottom surface of all but
the three lowest trays of the tower, between the panel and the
detectors, are the arrays of tungsten foils, one foil to match
the active area of each detector wafer. Each tray is rotated
90! with respect to the one above or below. The detectors
on the bottom of a tray combine with those on the top of
the tray below to form an orthogonal x, y pair with a
2 mm gap between them, and with the tungsten converter
foils located just above. This arrangement positions both
the x and y silicon planes closely following the converter foils
while maximizing the thickness, and thus the ratio of stiff-
ness to mass, of the supporting composite panel.

There are five variations of the tray design, which are
represented in each tower module as follows: the bottom
tray, which includes the interface to the Grid and has no
converter foils, two mid trays with no converter foils, four
mid trays with thick converter foils, eleven mid trays with
thin converter foils, and the top tray, which has thin con-
verter foils.

The gaps and amount of material between the 16
Tracker modules must be minimized to achieve optimal
performance of the detector system. Mounting the front-
end electronics on the sides of the tray panels greatly
reduces the gaps between modules, at the expense of neces-
sitating a right-angle interconnect between SSDs and the
readout electronics multi-chip module (MCM). Thin flexi-
ble-circuit cables connect the nine MCMs on each side of a
Tracker module to the data acquisition electronics, mini-
mizing the wiring mass between modules. The use of car-
bon-composites for the sidewalls provides stiff support
for the Tracker module with minimal scattering of particles
passing from one module to another.

4. Detector design

Much of the improvement in performance of the LAT
over its predecessor, EGRET, arises from the use of
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Fig. 3. Schematic depiction of the measurement of a gamma-ray
conversion. Multiple scattering in successive layers degrades the angular
resolution. Except at high energy, most of the angular information comes
from the first two points on a track. As long as the detector layers are thin
and kept very close to the tungsten foils, the measurement is impacted only
by scattering in the first plane of tungsten, where the photon converts.

W.B. Atwood et al. / Astroparticle Physics 28 (2007) 422–434 425
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CSI CALORIMETER (CAL) 



Calorimeter 

•  Calorimeter is the primary subsystem for 
energy reconstruction 

•  Total radiation length of 8.6 X0 on-axis 
(versus 1.5 X0 for tracker) 
–  Large radiation length needed to 

induce an electromagnetic shower 
–  At high energies many showers are 

still not fully contained  

•  Each CAL module is composed of 
segmented CsI crystals arranged in 
orthogonal layers 

•  Relativistic charged particles produce 
scintillation light in the CAL crystals which 
is collected by PIN diodes at either end 

   

13 

CAL Module 



Images of the Calorimeter 
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Basic detector elements are CsI crystals 
 
Each CAL module contains 8 layers of 12 crystals 
arranged in alternating orthogonal layers 
 
Light readout at both ends, provides measure of 
long. position to ~cm from light ratio 



CAL Imaging 

•  In addition to measuring shower energy the LAT Calorimeter also has 
an imaging capability 

•  Asymmetry of light readout at crystal ends can be used to reconstruct 
a 3-D coordinate for the crystal energy deposition – can be used to 
build a 3-D image of the EM shower 

•  CAL imaging capability is important for many aspects of event 
reconstruction 
–  Major axis of CAL shower provides a seed direction for track 

reconstruction in the TKR 
–  Helps in evaluation of leakage correction for energy reconstruction 
–  Consistency between track and CAL directions – very important 

parameter for background rejection 
–  Shower Topology – another useful background rejection 

parameter; EM showers are generally smoother and more confined 
along the particle trajectory than hadronic showers 

   

15 



ANTI-COINCIDENCE DETECTOR 
(ACD) 



Anticoincidence Detector 

•  Primary subsystem for rejection of charged cosmic rays 
–  Veto at hardware-level for trigger and onboard filter 
–  ACD information also used in offline reconstruction to identify 

CR events 
 
•  Cosmic-ray shield around the four sides and top of the LAT 

–  89 plastic scintillating tiles 
–  8 ribbons to cover remaining gaps 

 
•  Segmented design minimizes self-veto effect -- shower backsplash 

from the CAL can be distinguished from genuine cosmic-ray events 

•  Very high detection efficiency (~99.97%) 
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Images of the ACD 
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89 Tiles (25 + 4 * 16)  
8 Ribbons to cover gaps 
 
2 PMT for each tile/ ribbon 
Tiles (~20 photoelectrons)  
Ribbons (~3-8 photoelectrons) 



LAT Detector Trending and Stability 
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Average TKR hit efficiency 

•  The LAT detectors are extraordinarily stable vs. time – trending of 
most performance metrics (e.g. TKR efficiency) show changes less 
than 1% over many years 

•  Largest change in LAT response is degradation of CAL light yield by 
~1% per year from radiation damage – note that this is fully 
corrected for in the energy reconstruction 

Average TKR noise occupancy 



SOME REAL EVENT DISPLAYS 
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Gamma-ray Event Display 
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Cosmic-Ray Event Display 
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Figure 12. Event display of a simulated 27 GeV γ ray (a) and zoom over the CAL (b) and TKR (c) portions of the event. The small crosses represent the clusters in
the TKR, while the variable-size squares indicate the reconstructed location and magnitude of the energy deposition for every hit crystal in the CAL. The dotted line
represents the true γ -ray direction, the solid line is the CAL axis (Section 3.2.1), and the dashed lines are the reconstructed TKR tracks (Section 3.2.1). The backsplash
from the CAL generates tens of hits in the TKR, with two spurious tracks reconstructed in addition to the two associated with the γ ray (note that they extrapolate away
from the CAL centroid and do not match the CAL direction). It also generates a few hits in the ACD, which, however, are away from the vertex direction extrapolation
and therefore do not compromise our ability to correctly classify the event as a γ ray.
(A color version of this figure is available in the online journal.)

3.2.2. Tracker Reconstruction

For the TKR we merge and assemble clusters of adjacent hit
strips into track candidates by combinatorial analysis. We have
developed two methods: for CAL-seeded pattern recognition
(CSPR) the trajectory of the original γ ray is assumed to point
at the centroid of the energy released in the CAL; the blind
search pattern recognition (BSPR) can be used when there is
little or no energy deposit in the CAL sensitive volumes.

Both the CSPR and BSPR algorithms start by considering
nearby pairs of TKR clusters in adjacent layers as candidate
tracks (the CSPR algorithm limits the candidate tracks to those
pointing toward the CAL energy centroid). Both algorithms then
proceed by using a Kalman filtering technique (see Kalman
1960; Fruhwirth 1987, for details about Kalman filtering and
its use in particle tracking) which tests the hypotheses that
additional TKR clusters were generated by the same incident
particle and should be associated with each of the candidate
tracks, and adds any such clusters to the appropriate candidate
tracks. Furthermore, as each cluster is added to candidate tracks
the Kalman filter updates the estimated direction and associated
covariance matrix of those tracks. Both the CSPR and BSPR
algorithms are weighted to consider the best candidate track

to be the one that is both pointing toward the CAL centroid
and is the longest and straightest. In the CSPR, the main axis
of the CAL energy deposition is also considered, candidate
tracks for which the TKR and CAL estimated directions differ
significantly are disfavored starting at ∼1 GeV, and increasingly
so at higher energies. At the completion of the CSPR algorithm
the best candidate track is selected and confirmed as a track,
and the clusters in it are flagged as used. We iterate the CSPR
algorithm until no further tracks can be assembled from the
unused TKR clusters, then proceed with the BSPR.

If more than one track is found in a given event, we apply a
vertexing algorithm that attempts to compute the most likely
common origination point of the two highest quality (i.e.,
longest and straightest) tracks, and, more importantly, to use
that point as a constraint in combining the momenta of the two
tracks to obtain a better estimate of the direction of the incoming
γ ray.

3.2.3. ACD Reconstruction

The ACD phase of the event reconstruction starts by esti-
mating the energy deposited in each of the tiles and ribbons.
Subsequently, these energy depositions are associated with each
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High Energy Gamma-ray Event Display 

Multiple track  
candidates 

e/e pair are not individually 
resolved (one track) 

CAL backsplash generates 
extra TKR hits 

E = 27 GeV gamma ray 

CAL backsplash generates 
several ACD hits 



TRIGGER AND FILTER 



Trigger and Filter 

•  In an ideal instrument we would record every event and perform all 
analysis offline 

•  The hardware trigger and filters are needed to reduce the data rate to a 
manageable level before offline analysis 
–  Every readout incurs instrument deadtime (26.5 µs) 
–  Need to further reduce data volume to fit within finite downlink 

bandwidth 

•  General Goals of Trigger/Filter Design 
–  Keep a very high efficiency for gamma-ray events 
–  Minimize the background rate (without impacting gamma efficiency) 

•  Trigger is also used to collect extra diagnostic events with a prescale 
(i.e. accept only 1 out of N events) 

25 



Trigger Primitives 

•  Each subsystem produces a set of trigger primitives that indicate 
when a certain condition in that detector is met 

 
•  Relevant trigger primitives for gamma-rays 

–  TKR: At least three consecutive tracker layer pairs (x+y) with a 
signal 

–  CAL_LO: Any CAL channel > 100 MeV 
–  CAL_HI: Any CAL channel > 1 GeV 
–  ROI: Coincidence between TKR trigger and neighboring ACD 

Tile w/ energy > 0.4 MIP (indicates probable background event) 

•  Trigger primitives are based on faster electronics (~1 µs) than used 
for the full detector readout (~10 µs) in order to minimize impact of 
instrument pileup 
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Trigger Engines 
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Table 3
Definition of the Standard Trigger Engines

Engine PERIODIC CAL_HI CAL_LO TKR ROI CNO Prescale Average Rate
(Hz)

3 1 × × × × × 0 2
4 0 × 1 1 1 1 0 200
5 0 × × × × 1 250 5
6 0 1 × × × 0 0 100
7 0 0 × 1 0 0 0 1500
8 0 0 1 0 0 0 0 400a

9 0 0 1 1 1 0 0 700
10 0 0 0 1 1 0 50 100

Notes. The table lists the primitives used (1: required; 0: excluded; ×: either), prescale factors, and typical rates for each of the trigger
engines. In this short-hand representation, engines are defined with the highest precedence first: each combination of trigger primitives
is mapped to the engine corresponding to the first condition it matches. Trigger engines 0, 1, and 2 are used by the LAT software for
bookkeeping and to catch conditions that should not happen on orbit.
a In the nominal configuration for science data taking the CAL_LO condition is inhibited from opening a trigger window, and therefore
engine 8 is effectively disabled.

1. Reject events that have patterns of ACD tile hits that are
consistent with CRs and do not have the CAL_LO trigger
primitive asserted, making it unlikely that the ACD hits
were caused by backsplash.

2. Accept all events for which the total energy deposited in the
CAL is greater than a programmable threshold, currently
set to 20 GeV.

3. Reject events that have ACD hit tile patterns that are
spatially associated with the TKR towers that caused the
trigger, provided that the energy deposited in the CAL is less
than a programmable threshold (currently set to 350 MeV).

4. Reject events for which a significant energy deposition in
the CAL (typically >100 MeV) is present but the pattern
of hits in the TKR is unlikely to produce any track.

5. Reject events for which rudimentary tracks match with
individual ACD tiles that were hit, provided the energy
deposited in the CAL is less than some programmable
amount (typically 5 GeV).

6. Reject events that do not have at least one rudimentary
track.

Although it may seem strange to apply the requirement that
there be any tracks after cutting due to matches between tracks
and the ACD, recall that the on-board filter software is highly
optimized for speed, and terminates processing of each event as
soon as it is possible to reach a decision. Thus, the testing for
track matches is performed during the track-finding stage, at the
time the tracks are constructed.

3.2. Reconstruction Algorithms

Event reconstruction translates the raw event information
from the LAT subsystems into a high-level event description
under the assumption of a γ ray impinging on the LAT volumes
within 90◦ of the boresight (see Figure 12 for an illustrative
event display).

Here we will briefly summarize the event reconstruction
algorithms underlying both Pass 6 and Pass 7 flavors of the
event analysis; a more detailed description is given in Atwood
et al. (2009). We want to stress that Pass 6 and Pass 7 use
exactly the same reconstruction algorithms with the exception
of the energy unbiasing (described in Section 3.2.1), which was
only applied to Pass 7 data.

3.2.1. Calorimeter Reconstruction

The starting point for the energy evaluation is the measured
energy depositions in the crystals. The centroid of the energy
deposition is determined and the principal axes of the shower
are evaluated by means of a principal moment analysis. In the
Pass 6 and Pass 7 event reconstruction procedure, the energy
deposition is treated as a single quantity, with no attempt to
identify contamination from ghost signals. Work to develop an
algorithm to separate the CAL energy deposition into multiple
clusters and to disentangle ghost signals is ongoing (Rochester
et al. 2010). The amount of energy deposited in the TKR is
evaluated by treating the tungsten–silicon detector as a sampling
calorimeter; this contribution is an important correction at low
energies.

We apply three algorithms to estimate the actual energy of an
event: a parametric correction (PC), a fit of the shower profile
(SP), and a maximum likelihood (LH) approach. The energy
assigned to any given event is the energy from one or the
other of these algorithms. The three methods were designed
to provide the best performance in different parts of the energy
and incidence angle phase space (in fact, the LH algorithm
was only tuned up to 300 GeV, while the SP algorithm does
not work well for events below ∼1 GeV). Accordingly, they
provide different energy resolutions and their distributions have
slightly different biases (i.e., the most probable values are
slightly above or below the true energy) for different energies
and incidence angles; more details can be found in Atwood et al.
(2009).

In fact, the only significant change in the Pass 7 event
reconstruction relative toPass 6 is to apply separate corrections
for the biases of each energy estimation algorithms. We used
MC simulations to characterize the deviations of the most
probable value of the energy dispersion from the true energy
across the entire LAT phase space for the three methods
separately. Such deviations were found to be typically of the
order of a few percent (with a maximum value of ∼10%) and
always significantly smaller than the energy resolution—with
LH displaying a negative bias and PC and SP displaying a
positive bias in most of the phase space.

We generated correction maps (as functions of γ -ray energy
and zenith angle) and in Pass 7 the residual average bias
for all the inputs of the final energy assignment (discussed in
Section 3.3.2) is less than 1% in the entire LAT phase space.

14

1: required, 0: excluded, x: ignore  

•  Trigger engines use logical combinations of the trigger primitives to 
form a final trigger decision that initiates readout 

•  Relevant trigger engines for gamma rays 
–  Engine 6: Accept all events w/ > 1 GeV in a xtal (CAL_HI) – 

important for trigger efficiency at high energies 
–  Engine 7: Accept events with a track (TKR) and no ACD (ROI) 
–  Engine 9: Accepts events with TKR && ROI && CAL_LO – 

increases efficiency for events with backsplash 



Onboard Filter 

•  Onboard filter provides an additional level of data reduction at 
hardware level 
–  Needed to keep data volume within downlink bandwidth (~ 1 

Mb/s) 
–  Uses all available event information (ACD+CAL+TKR) to identify 

whether an event is a candidate gamma-ray 

•  Multiple Filters applied in parallel 
–  GAMMA: Select gamma-ray events 
–  HIP: Select heavy ion events for CAL calibration 
–  DIAGNOSTIC: Select unbiased sample of all trigger types – 

used to monitor trigger/filter efficiency 

•  Final downlink rate is 300-500 Hz 
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Particle Rate Reduction 

Trigger Rate (~2 kHz) 

Celestial Gamma  
Rate (~0.5 Hz) 

Downlink Rate (~400 Hz) 



EVENT RECONSTRUCTION 



Reconstruction:  
Developed with simulated data.  
Simulations validated in beamtests. 

Event Reconstruction and Selection 

CAL Reconstruction: 
Sum signals in CAL, analyze 
topology, correct for energy 
lost in gaps, out sides and in 
TKR pre-shower  
 
 
 TKR Reconstruction: 
Find tracks & vertices.  If 
possible use CAL shower 
axis as a directional seed 
 
 
 ACD Reconstruction: 
Project tracks to ACD, look 
for reasons to reject event. 
 
 
 

Classification Analysis: 
Use combined subsystem information 
to get best estimates of direction, 
energy. 
Reject particle background and select 
highest quality events 
 
 
 

Event Classification: 
Developed with simulated + flight data 
Validated primarily with flight data 

31 

Photon Samples and IRFs: 
Build descriptions of Instrument 
Response for each selection of events 
 
 



TKR Reconstruction 

•  Hit clustering: combine adjacent hit strips into clusters 
•  Perform combinatoric search over adjacent cluster pairs to construct 

track candidates 
–  Start with CAL direction (useful for high energy events with many 

hits) 
–  Build a track by successively adding clusters from the next layer 
–  Track direction derived from Kalman fit that incorporates expected 

error introduced at each layer from multiple scattering 
•  Order tracks by “quality” 

–  Favor longest, straightest track 
•  Vertexing: try to combine 2 best tracks into single item 
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Figure 12. Event display of a simulated 27 GeV γ ray (a) and zoom over the CAL (b) and TKR (c) portions of the event. The small crosses represent the clusters in
the TKR, while the variable-size squares indicate the reconstructed location and magnitude of the energy deposition for every hit crystal in the CAL. The dotted line
represents the true γ -ray direction, the solid line is the CAL axis (Section 3.2.1), and the dashed lines are the reconstructed TKR tracks (Section 3.2.1). The backsplash
from the CAL generates tens of hits in the TKR, with two spurious tracks reconstructed in addition to the two associated with the γ ray (note that they extrapolate away
from the CAL centroid and do not match the CAL direction). It also generates a few hits in the ACD, which, however, are away from the vertex direction extrapolation
and therefore do not compromise our ability to correctly classify the event as a γ ray.
(A color version of this figure is available in the online journal.)

3.2.2. Tracker Reconstruction

For the TKR we merge and assemble clusters of adjacent hit
strips into track candidates by combinatorial analysis. We have
developed two methods: for CAL-seeded pattern recognition
(CSPR) the trajectory of the original γ ray is assumed to point
at the centroid of the energy released in the CAL; the blind
search pattern recognition (BSPR) can be used when there is
little or no energy deposit in the CAL sensitive volumes.

Both the CSPR and BSPR algorithms start by considering
nearby pairs of TKR clusters in adjacent layers as candidate
tracks (the CSPR algorithm limits the candidate tracks to those
pointing toward the CAL energy centroid). Both algorithms then
proceed by using a Kalman filtering technique (see Kalman
1960; Fruhwirth 1987, for details about Kalman filtering and
its use in particle tracking) which tests the hypotheses that
additional TKR clusters were generated by the same incident
particle and should be associated with each of the candidate
tracks, and adds any such clusters to the appropriate candidate
tracks. Furthermore, as each cluster is added to candidate tracks
the Kalman filter updates the estimated direction and associated
covariance matrix of those tracks. Both the CSPR and BSPR
algorithms are weighted to consider the best candidate track

to be the one that is both pointing toward the CAL centroid
and is the longest and straightest. In the CSPR, the main axis
of the CAL energy deposition is also considered, candidate
tracks for which the TKR and CAL estimated directions differ
significantly are disfavored starting at ∼1 GeV, and increasingly
so at higher energies. At the completion of the CSPR algorithm
the best candidate track is selected and confirmed as a track,
and the clusters in it are flagged as used. We iterate the CSPR
algorithm until no further tracks can be assembled from the
unused TKR clusters, then proceed with the BSPR.

If more than one track is found in a given event, we apply a
vertexing algorithm that attempts to compute the most likely
common origination point of the two highest quality (i.e.,
longest and straightest) tracks, and, more importantly, to use
that point as a constraint in combining the momenta of the two
tracks to obtain a better estimate of the direction of the incoming
γ ray.

3.2.3. ACD Reconstruction

The ACD phase of the event reconstruction starts by esti-
mating the energy deposited in each of the tiles and ribbons.
Subsequently, these energy depositions are associated with each
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CAL Reconstruction 

•  Apply per-crystal calibration 
•  Apply Moments analysis to derive the following quantities 

–  Cluster centroid (x,y,z) 
–  Cluster axis (vx,vy,vz) 
–  Cluster 2nd moments (RMS) 

•  Energy Reconstruction (Multiple Methods) 
–  Parametric correction for leakage out sides and gaps 
–  Fit to energy deposition in CAL with EM shower profile 
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Figure 12. Event display of a simulated 27 GeV γ ray (a) and zoom over the CAL (b) and TKR (c) portions of the event. The small crosses represent the clusters in
the TKR, while the variable-size squares indicate the reconstructed location and magnitude of the energy deposition for every hit crystal in the CAL. The dotted line
represents the true γ -ray direction, the solid line is the CAL axis (Section 3.2.1), and the dashed lines are the reconstructed TKR tracks (Section 3.2.1). The backsplash
from the CAL generates tens of hits in the TKR, with two spurious tracks reconstructed in addition to the two associated with the γ ray (note that they extrapolate away
from the CAL centroid and do not match the CAL direction). It also generates a few hits in the ACD, which, however, are away from the vertex direction extrapolation
and therefore do not compromise our ability to correctly classify the event as a γ ray.
(A color version of this figure is available in the online journal.)

3.2.2. Tracker Reconstruction

For the TKR we merge and assemble clusters of adjacent hit
strips into track candidates by combinatorial analysis. We have
developed two methods: for CAL-seeded pattern recognition
(CSPR) the trajectory of the original γ ray is assumed to point
at the centroid of the energy released in the CAL; the blind
search pattern recognition (BSPR) can be used when there is
little or no energy deposit in the CAL sensitive volumes.

Both the CSPR and BSPR algorithms start by considering
nearby pairs of TKR clusters in adjacent layers as candidate
tracks (the CSPR algorithm limits the candidate tracks to those
pointing toward the CAL energy centroid). Both algorithms then
proceed by using a Kalman filtering technique (see Kalman
1960; Fruhwirth 1987, for details about Kalman filtering and
its use in particle tracking) which tests the hypotheses that
additional TKR clusters were generated by the same incident
particle and should be associated with each of the candidate
tracks, and adds any such clusters to the appropriate candidate
tracks. Furthermore, as each cluster is added to candidate tracks
the Kalman filter updates the estimated direction and associated
covariance matrix of those tracks. Both the CSPR and BSPR
algorithms are weighted to consider the best candidate track

to be the one that is both pointing toward the CAL centroid
and is the longest and straightest. In the CSPR, the main axis
of the CAL energy deposition is also considered, candidate
tracks for which the TKR and CAL estimated directions differ
significantly are disfavored starting at ∼1 GeV, and increasingly
so at higher energies. At the completion of the CSPR algorithm
the best candidate track is selected and confirmed as a track,
and the clusters in it are flagged as used. We iterate the CSPR
algorithm until no further tracks can be assembled from the
unused TKR clusters, then proceed with the BSPR.

If more than one track is found in a given event, we apply a
vertexing algorithm that attempts to compute the most likely
common origination point of the two highest quality (i.e.,
longest and straightest) tracks, and, more importantly, to use
that point as a constraint in combining the momenta of the two
tracks to obtain a better estimate of the direction of the incoming
γ ray.

3.2.3. ACD Reconstruction

The ACD phase of the event reconstruction starts by esti-
mating the energy deposited in each of the tiles and ribbons.
Subsequently, these energy depositions are associated with each
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ACD Reconstruction 

•  Apply tile calibrations 
•  Look for reason to veto event 

–  Track extrapolation to ACD hit? 
–  Compare ACD energy to CAL energy  

•  Catches events where TKR direction is bad 
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Figure 10. Model of the LAT orbital position and particle direction-averaged CR-induced particle intensities (Mizuno et al. 2004) sampled from a 64 s live-time
background-simulation run. The intensity of the extragalactic diffuse background emission measured by the LAT (Abdo et al. 2010e) is shown for comparison. Note
that the event energy is reconstructed under the hypothesis of a downward-going γ ray and in general does not represent the actual energy for hadrons.
(A color version of this figure is available in the online journal.)

(∼5% to ∼0.01%, depending on the energy, incidence an-
gle, and the event sample). Because the Earth limb is ex-
tremely bright and some part of it is almost always be-
hind the LAT, γ rays from the limb are the dominant
component of “back-entering” background contamination.
Furthermore, since we misestimate the directions of these
back-entering γ rays by >90◦, they are often reconstructed
outside the Earth exclusion region.

Figure 10 shows the average CR-induced particle intensities at
the orbit of the LAT in the model that we use. For comparison the
intensity of the extragalactic diffuse γ -ray emission measured
by the LAT (Abdo et al. 2010e) is overlaid to demonstrate the
many orders of background suppression necessary to distinguish
it from particle background. The model was developed prior to
launch based on data from satellites in similar orbits and balloon
experiments (Mizuno et al. 2004).

As the particle rates are strongly dependent on location in
geomagnetic coordinates, the details of the orbit model are
also important. For tuning the event analysis, or for estimating
the background rates for typical integration times of months or
years, the simulated time interval must be at least equal to the
precession period of the Fermi orbit (53.4 days). Simulating
these high particle rates for such a long time interval is quite
impractical, in terms of both CPU capacity and disk storage
requirements. For studies of background rejection we usually
simulate an entire precession period to ensure a proper sampling
of the geomagnetic history, but to limit the particle counts
we generate events for only a few seconds of simulated time
every several minutes, e.g., a typical configuration requires
event generation for 4 s every 4 minutes of time in orbit.
This partial sampling is a compromise between the limited
CPU and disk usage, and the requirement of having good
statistics. Considering the LAT background rejection power,
in order to have sizable statistics after even the first stages of
the event analysis are performed, we must start with a simulated
background data set of over 109 CRs.

3. EVENT TRIGGERING, FILTERING, ANALYSIS,
AND CLASSIFICATION

In this section, we describe the analysis steps that determine
which events make it into our final γ -ray data sample, start-
ing with the triggering and filtering performed by the on-board

data acquisition system (Section 3.1), moving on to the recon-
struction of particle interactions in the event (Section 3.2), the
analysis of the event as a whole (Section 3.3), and finally the
definition of the γ -ray classes (Section 3.4). The overall logical
structure of this process is illustrated in Figure 11.

The event analysis requires knowledge of the LAT, the physics
of particle interactions within its volumes, and of the particle
backgrounds in the Fermi orbit. As described in Section 2.5,
we use large MC samples of γ rays and of CRs to devise the
best procedures to extract estimates of energies and incident
directions, and to classify events as either γ rays or charged
particle backgrounds.

Finally, in Section 3.5 we describe the publicly available LAT
event samples, while in Section 3.6 we describe the calibration
sources, event samples and methods we use to validate and
characterize the performance of the LAT using flight data.

3.1. Trigger and On-board Filter

In this section, we review the event triggering, the readout of
the LAT, and the filtering performed on board in order to reduce
the data volume downlinked to ground.

3.1.1. Triggering the LAT Readout

Each subsystem provides one or more trigger primitives (or
trigger requests) as detailed in the following list.

1. TKR (also known as “three-in-a-row”). Issued when three
consecutive x–y silicon layer pairs—corresponding to six
consecutive silicon planes—have a signal above threshold
(nominally 0.25 MIPs). This signals the potential presence
of a track in a tower. Since many tracks cross between
towers and/or have more than three x–y layers within a
tower, the TKR trigger request is very efficient.

2. CAL_LO. Issued when the signal in any of the CAL crystal
ends crosses the low-energy trigger threshold (nominally
100 MeV).

3. CAL_HI. Issued when the signal in any of the CAL crystal
ends crosses the high-energy trigger threshold (nominally
1 GeV).

4. VETO. Issued when the signal in any of the ACD tiles is
above the veto threshold (nominally 0.45 MIP). It signals a
charged particle crossing the tile. The trigger system has a
programmable list of ACD tiles associated with each TKR
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Background Rejection 

•  LAT is subject to a large flux of both primary and secondary CRs 
which is a background for studies of the gamma-ray sky 

•  We generally require a rejection factor 103-106 to reach acceptable 
background contamination for point-source analysis (e.g. SOURCE 
class) 

Simulated CR Background Flux vs. Energy 

IGRB Flux 

35 



Event Level Analysis 
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•  The event-level analysis uses 
classification trees (CTs) in conjunction 
with cuts to distinguish gamma-ray 
events from CR background 

•  Designed with many branches that use 
different cuts/CTs depending on event 
topology (front vs. back, vertex vs. no 
vertex, etc.) 

 
•  CTs are also used to augment the 

gamma-ray reconstruction 
–  Choose between different 

reconstruction algorithms for 
energy and direction 

–  Assess the quality of reconstruction 
on an event-wise basis 
(CTBCORE, BestEnergyProb) 

Visualization of Event Analysis 
Breakdown 



Outputs of the event level analysis 
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Direction Analysis: 
Decides which direction solution (vertex or non-
vertex, TKR or TKR + CAL) is best 
Gives estimate of quality of direction estimate 
PCORE   = “prob.” that direction is within R68% 

Energy Analysis 
Decides which energy method (Parametric or 
Profile) is best 
Gives estimate of quality of energy estimate 
PBestEnergy   = “prob.” event is within P68% 

Charged Particle Analysis 
Reject charged particles using ACD,TKR,CAL 
PCPFGAM  = “prob.” event is a photon 

Topology Analysis 
Reject hadrons using TKR, CAL 
PTKRGAM, PCALGAM = “prob.” event is a photon 

Photon Analysis 
Combine everything 
 
PALL = “prob.” that event is a 
photon 

Photon Samples 
Apply cuts tuned to for 
particular samples 
 
Might require good direction, 
energy recon in addition to  
high photon “prob.”  



A Preview of the Future with Pass8 

•  The current P7REP data release uses reconstruction algorithms 
that were developed prior to launch 

•  Pass8 is a comprehensive revision of the entire LAT analysis chain 
based on experience gained from operating the LAT in orbit 
–  Tree-based track reconstruction 
–  Clustering algorithm applied to remove pileup activity in CAL 
–  New energy reconstruction with improved handling of CAL 

saturation – extends energy reach of LAT to > 1 TeV 
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Pass8 Performance 

•  Prototype Pass8 SOURCE 
class demonstrates a 
substantial improvement in 
performance over the Pass7 
SOURCE class 
–  Increase in acceptance at 

all energies (> 2x below 
100 MeV) 

–  30-40% improvement in 
point-source sensitivity 
between 1 and 10 GeV 

•  Preparation of Pass8 is on-
going and the public release is 
tentatively scheduled for 
mid-2015 
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Summary 

 
•  The LAT is a particle physics detector we’ve shot into space 

–  Uses well-established detector technologies from particle physics 
(SSDs, crystal EM CAL, etc.)  

–  Many tradeoffs made in the design in order to have good 
performance over a large phase space in energy (< 20MeV to > 
300 GeV) and incidence angle (0 to >70 deg) 

–  Combining information from all three subsystems is critical to 
achieving the LAT performance objectives 

•  The LAT event reconstruction and analysis distills a huge amount of 
information about each event into a small number of quantities 
(E,RA,DEC) 
 

•  For the user (data analyst) we fold all of the complexity of the LAT into 
the instrument response functions (IRFs) – these will be discussed in 
more detail tomorrow 


