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The ATLAS Inner Detector system in Run-2

• The ATLAS Inner Detector (ID), surrounded by 2 T solenoid magnet, provides

position measurements for charged particles in the range |η| < 2.5 by combining

information from three subdetectors. *pseudorapidity η ≡ −ln[tan( θ
2 )]

1 Pixel detector

• 4 barrel layers and 3 end-cap layers
• New innermost Insertable B-Layer

(IBL) added for Run-2
• Intrinsic resolution in r − φ× z:

8×40 µm (IBL), 10×115 µm (Pixel)

2 Semiconductor strip Tracker (SCT)

• 4 double-sided barrel layers and 9

end-cap layers
• Intrinsic resolution in r − φ : 17 µm

3 Transition Radiation Tracker (TRT)

• Gas-filled straw tubes with electron

identification capability using

Transition Radiation (TR) photons
• ∼30 hits expected for the

pseudorapidity region |η| < 2.0
• Intrinsic resolution: 130 µm

transverse and longitudinal directions with a sensor thickness of 200 µm. For the remaining three layers
of the pixel system, located at mean radii of 50.5, 88.5, and 122.5 mm respectively, a typical pixel has a
size of 50 µm by 400 µm in the transverse and longitudinal directions with a thickness of 250 µm. The
pixel layer at a radius of 50.5 mm is referred to as the B-layer in this paper. The coverage in the end-cap
region is enhanced by three disks on either side of the interaction point. The pixel detectors measure the
charge collected in each individual pixel using the time over threshold (ToT) [4]. ToT is the time the pulse
exceeds a given threshold and is proportional to the deposited energy.

Outside the pixel volume, the barrel of the silicon microstrip detector (SCT) consists of four double strip
layers at radii of 299 mm to 514 mm, complemented by nine disks in each of the end-caps. A typical strip
of a barrel SCT sensor has a length of 126 mm and a pitch of 80 µm. On each layer, the strips are parallel
to the beam direction on one side and at a stereo angle of 40 mrad on the other. The information from the
two sides of each layer can be combined to provide an average of four three-dimensional measurements
per track. The SCT sensors are connected to binary read-out chips, which do not provide information
about the collected charge. The silicon detectors are complemented by the transition radiation tracker
(TRT) [5], which extends track reconstruction radially up to a radius of 1082 mm for charged particles
within |⌘| = 2.0 while providing r–� information. The raw timing information from its straw tubes is
translated into calibrated drift circles that are matched to track candidates reconstructed from the silicon
detectors [5].

Figure 1:
Sketch of the barrel region of the ATLAS inner detector.

The solenoid is surrounded by sampling calorimeters. Calorimetry is provided by three distinct detectors
outside the ID volume. A lead/liquid-argon sampling electromagnetic calorimeter is split into barrel (|⌘|
< 1.5) and end-cap (1.5 < |⌘| < 3.2) sections. A steel/scintillator-tile hadronic calorimeter covers the
barrel region (|⌘| < 1.7) and two end-cap copper/liquid-argon sections extend to higher pseudorapidity
(1.5 < |⌘| < 3.2). Finally, the forward region (3.1 < |⌘| < 4.9) is covered by a liquid-argon calorimeter
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Track reconstruction algorithm of the ATLAS ID

Transition 
Radiation 
Tracker

TRT

SCT

Pixel

1
1 Space-point formation:

• Pixels and SCT: cluster creation then
transformation into 3D space points

• TRT: drift circle creation

2 Space-point seeded track finding:

• Sets of 3 space-points
(Pixel-only, SCT-only or Mixed) as seeds

• Additional 4th space-point confirmation,
pT and impact parameter cuts

• Combinatorial Kalman filter to complete
track candiates within silicon detector

3 Ambiguity solving:

• Track candidates are ranked based on
quality of fit, holes, ...

• Track candidates with highest score
assigned shared hits preferentially,
dropping track candidates below quality
requirements

4 TRT extension:

• Extend to TRT if valid extension then refit
to improve momentum resolution

Journal of Physics: Conference Series (664) (2015) 072042

KyungEon Choi Tracking and Vertexing with the ATLAS Inner Detector in the LHC Run-2 4/12

http://iopscience.iop.org/article/10.1088/1742-6596/664/7/072042/pdf


Track reconstruction algorithm of the ATLAS ID
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2 Particle Identification with the TRT

The Transition Radiation Tracker is a gaseous detector consisting of independent drift tubes (straws) of
4 mm diameter and 1 to 1.5 m length. As the outermost part of the ATLAS Inner Detector, it is embedded
in the 2 T magnetic field of the solenoid magnet. The barrel and the two Endcap components of the TRT
cover a pseudorapidity region of |⌘| . 2.0. The electron identification is mainly based on transition
radiation induced by radiator material interleaved with the straw layers. The radiator material is plastic
foils in the Endcaps and plastic fibres in the Barrel. In these foils or fibres, the electrons emit X-ray
photons which are absorbed by the Xe-based gas-mixture.
Particle identification with the Transition Radiation Tracker is based on the direct detector readout, called
bit pattern. The signal creation in the TRT is illustrated in figure 1. A charged particle traversing the TRT
straws ionises the gas atoms along its path. The size of the induced signal is dependent on the path length
in the straw and the ionisation density. This signal is then discriminated with two di↵erent thresholds

5.4 Geometrical Dependence of the Time-over-Threshold
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Figure 5.3: Geometry dependence of the Time-over-Threshold. For a track crossing a
straw near the wire, the clusters arrive significantly shifted in time, broadening the signal
and modifying the ToT dependence on R.

The current definition: The definition used since ATHENA 13 (denoted ToTp) is iden-
tical to the former definition, but with one exception. For the trailing edge at
least one preceding zero-bit is required, the leading edge (l. e.) is treated as be-
fore. Events in which no trailing edge (t. e.) was found are assigned a zero ToT,
even if a leading edge could be determined.

000000 1
l. e.

11111 1
t. e.

000000 11111� �� �
rejected

ToTp = 21.875 ns

The examples clearly show how large the effect can be for a given case. The ToT values
vary by more than 50% for different definitions. Although the example is not the most
common case, it clarifies that the definition will have to be chosen carefully.

5.4 Geometrical Dependence of the ToT

It was shown in the previous sections that the ToT in principle can be used as an
estimate for the energy loss in a straw, dE. The essential argument is the correlation
between the pulse height and its width. However, if dE/dx is to be estimated by ToT,
assuming a proportionality between the two can only be correct if the distance from the
wire, R, is the same for all considerations. Two signals induced by the same particle at
the same energy but for different R will in general not result in the same ToT, even if
the energy loss in this case was exactly the same.

Figure 5.3 shows a section of several straw layers. For simplicity it is assumed that
a track crossing some of the straws has a perpendicular incidence to the wire. From
the sketch it is obvious that in order to obtain dE/dx, an energy loss would have to
be corrected for the traversed length in the straw, L, which depends on the geometry

37

Figure 1: Illustration of a particle traversing the TRT detector. The gas molecules along its way are
ionised, the ionisation electrons drift towards the anode wire and a signal proportional to the ionisation
is induced at the wire. Courtesy of [6].

and readout over a period of 75 ns.The low threshold (LT) at 300 eV is readout in 24 bins with 8 bins per
25 ns, where one bit is set either to 1 if the signal exceeded the threshold or to 0 otherwise. The same
procedure is applied to the high threshold (HT) at 6 keV once per 25 ns (see figure 2 for illustrations).
The resulting bit pattern constitutes the full data readout for each straw of the TRT.
On electron tracks many hits will exceed the high threshold due to additional transition radiation. The
full signal-height of the drift tubes is not read-out by the front-end electronics. The width of the signal,
however, can be extracted from the time over the lower threshold. This Time-Over-Threshold (TOT) can
be used to extract a measure for the energy loss within the TRT.
This study focuses on the bit pattern from the low threshold. The first bit set in this pattern is called the
leading edge (LE). It corresponds to the time of arrival of the ionisation electrons produced at the point of
closest approach to the readout wire. The last bit set in the bit pattern, the trailing edge (TE), represents
the time of arrival of the ionisation electrons which are produced the furthest away from the wire, that is
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Drift circle

2
1 Space-point formation:

• Pixels and SCT: cluster creation then
transformation into 3D space points

• TRT: drift circle creation

2 Space-point seeded track finding:

• Sets of 3 space-points
(Pixel-only, SCT-only or Mixed) as seeds

• Additional 4th space-point confirmation,
pT and impact parameter cuts

• Combinatorial Kalman filter to complete
track candiates within silicon detector

3 Ambiguity solving:

• Track candidates are ranked based on
quality of fit, holes, ...

• Track candidates with highest score
assigned shared hits preferentially,
dropping track candidates below quality
requirements

4 TRT extension:

• Extend to TRT if valid extension then refit
to improve momentum resolution
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1 Space-point formation:
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2 Space-point seeded track finding:

• Sets of 3 space-points
(Pixel-only, SCT-only or Mixed) as seeds

• Additional 4th space-point confirmation,
pT and impact parameter cuts

• Combinatorial Kalman filter to complete
track candiates within silicon detector
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• Track candidates are ranked based on
quality of fit, holes, ...

• Track candidates with highest score
assigned shared hits preferentially,
dropping track candidates below quality
requirements

4 TRT extension:

• Extend to TRT if valid extension then refit
to improve momentum resolution
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Time-dependent alignment
• Track-based alignment algorithm based on

track-hit residual minimization
ATL-PHYS-PUB-2015-031

• Dynamic alignment within a single run:

• Pixel drift: increased cooling required after
enabling the sensor preamplifiers at the
start of each run before stabilising

• IBL bowing: increased power consumption
change of the front-end electronics with
Total-Ionising Dose (TID)

→ Fully automated alignment every 20 minutes
during first hour of the fill then every 100
minutes after
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Impact parameter resolution
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• The intrinsic transverse impact parameter (d0)

resolution is below 200 µm for low pT tracks then

reaches 20 µm at higher pT

→ allows a very good primary and secondary
separation

• The intrinsic longitudinal impact parameter (z0)
resolution is below 600 µm for low pT tracks then
reaches 100 µm at higher pT
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Tracking efficiencies in p+p and Pb+Pb collisions
p+p

The hit-matching technique is very robust since it exploits the relation between tracks and truth particles at
the �����4 energy deposition level and is mostly independent of the detector resolutions. A Pmatch > 0.5
is required for a primary track.

Primary charged particles are defined as charged particles with a mean lifetime ⌧ > 300 ps, either directly
produced in proton-proton interactions or from decays of directly produced particles with mean lifetime
⌧ < 30 ps. Particles produced from decays of particles with ⌧ > 30 ps are denoted secondary particles
and are excluded [15].

The tracking e�ciency ✏ trk(pT, ⌘) is then measured as a function of pT and ⌘ with the following defini-
tion:

✏ trk(pT, ⌘) =
N

matched
rec (pT, ⌘)
Ngen(pT, ⌘)

(2)

where pT and ⌘ are truth particle properties, N

matched
rec (pT, ⌘) is the number of reconstructed tracks matched

to truth charged particles and Ngen(pT, ⌘) is the number of truth charged particles in that (pT, ⌘) range.

The tracking e�ciency for primary tracks is shown in Figure 1 as a function of pT and ⌘ for both Loose
and Tight Primary selections, as defined in Section 3.
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Figure 1: Track reconstruction e�ciency, evaluated by using minimum bias simulated events, as a function of truth
⌘ (a) and pT (b) for Loose and Tight Primary track selections.The bands indicate the total systematic uncertainty.

The evaluated Tight Primary track reconstruction e�ciency is overall lower (up to ⇠ 10% for 1.5  |⌘ | 
2.5, ⇠ 5% for |⌘ | < 1.5 and ⇠ 5% in the full pT range) than the Loose track reconstruction e�ciency
because of the more stringent requirements, but the Tight Primary selection improves fake rejection, as
detailed in Section 5. In general, the lower track reconstruction e�ciency in the region |⌘ | > 1 is due to
the increasing amounts of material that the particles must traverse. The slight increase in e�ciency for
|⌘ | > 2 is due to the particles passing through a larger number of sensitive layers. Above pT � 5 GeV, the
track reconstruction e�ciency reaches a plateau equal to ⇠90% and ⇠85% respectively for the Loose and
Tight Primary selections.
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• Excellent track reconstruction efficiency in p+p
collisions

• Good agreement between data and MC and
Tighter track selections to mitigate an increase of
fake tracks at high instantaneous luminosity

• Very good track reconstruction efficiency under
very high track multiplicity by Pb+Pb central
collisions
→ insight for high occupancy p+p events
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Large radius tracking

• Long-lived particles predicted in several physics models beyond the Standard Model

can be produced at large radial distance (displaced vertex)

• Large radius tracking is a second pass after the standard tracking using unused hits

with tighter pT and looser impact parameter requirements

• Sizeable increase in the signal track reconstruction efficiency with the large radius

tracking for tracks with a special topologies
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Tracking in Dense Environment (TIDE)

• A pixel cluster can be shared by multiple tracks in dense environment,

typically jets with pT > 1 TeV

• Neural-network clustering algorithm separates multiple particles

within a merged cluster, then estimates the track parameters of each

• Algorithmic optimizations in the pattern recognition stage of the

track reconstruction

→ Improves b-tagging, τ-reconstruction, jet mass and energy

reconstruction

Alejandro Alonso (Niels Bohr Institute)  Ctdwit  2017 9th March 2017

Tracking in Dense Environments (TIDE)

✦ In busy environment, large probability to have 2 or more very close charged particles

✦ Neural network to identify clusters shared by more than 1 particle, split them and 
estimate the position and error of each one:

✦ Uses cluster charge, shape, correlation with previous layer and incidence angle

✦ Improves: b-tagging, ! reconstruction, jet -mass reconstruction, etc..

✦ Performance validated in data by independent 2 methods:

✦ Geometrical extrapolation and using the overlap region in phi

✦ Energy loss (dE/dx) in the pixel:

15
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Figure 12: Single-track reconstruction e�ciency is shown as (a) a function of the initial particle’s pT when it is
required that the parent particle decays before the IBL for the decay products of a ⇢, three- and five-prong ⌧ and a
B0 and, (b) versus the production radius for the decay products of a three- and five-prong ⌧ as well as a B0, where
no requirement in imposed on the production radius of stable charged particles.
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Figure 13 shows the charged-primary-particle reconstruction e�ciency dependence on the angular dis-
tance of a particle to the jet axis for di↵erent jet ⌘ and pT ranges. All charged particles studied are
required to be created before the IBL. The e�ciency drops rapidly towards the centre of the jet, where the
charged-particle density is maximal. A slight decrease in e�ciency towards the edge of the jet is consist-
ent with an isolated-track e�ciency that rises with charged-particle pT [26] and a decrease in the average
charged-particle pT with distance from the jet core. The dependence of the e�ciency on the jet pT and
on the production radius of the charged particle is shown in Figure 14. The decrease in e�ciency with
production radius is from two e↵ects. Firstly, particles created beyond the first active layers of the ID cre-
ate fewer clusters. Secondly, with the shorter flight length to the next active layer, the average separation
between particles is smaller compared to prompt decays, producing more merged clusters. The overall
trend for all e�ciencies shown is the same at all ⌘. However, the loss in absolute e�ciency is exacerbated
at high |⌘|, while the degradation at small separations between a track and the jet axis is alleviated.
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Figure 13: The e�ciency to reconstruct charged primary particles in jets with (a) |⌘| < 1.2 and (b) |⌘| > 1.2 is
shown as a function of the angular distance of the particle from the jet axis for various jet pT for simulated dijet
MC events.
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Vertex performance

• Iterative primary vertex finding algorithm arXiv:1611.10235

→ Progressive down-weighting of track outliers

• The average number of reconstructed vertices is modeled very well as a function of the

average number of interactions per bunch crossing (µ) between data and MC

• Non-linearity in µ due to merged vertices in higher µ
• A steep decrease of the number of reconstructed vertices for small longitudinal distance of

primary vertices (|∆z| < 2 mm) due to merged vertices.
• A single vertex is reconstructed as two primary vertices causes a small spike

around ∆z = 0 mm
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Vertexing resolution

• Vertex resolution ranges from 20 to 155 µm in x and from 35 to 330 µm in z

depending on the number of tracks without the constraint of the beam-spot

• Underestimation in MC due to imperfect description of material, multiple scattering,

residual mis-alignment, etc.
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Figure 9: Primary Vertex resolution (scaled by k-factors) as a function of the number of tracks.
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Figure 9: Primary Vertex resolution (scaled by k-factors) as a function of the number of tracks.
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Summary

• ATLAS Inner Tracking shows an excellent performance under very busy

environment in Run-2

→ The average number of pp interactions per bunch crossing reached up to 50

→ Very high track multiplicity in the central heavy ion collisions

• Stable operation and performance of the newly added Insertable B-Layer (IBL)

closer to the beampipe

• Tracking in Dense Environment (TIDE) allows an excellent reconstruction

performance inside jets

• Precise and good understanding of vertex performance
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Backup
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The ATLAS Detector

• Inner Detector (ID): Silicon Pixels and microstrip detectors, Transition Radiation Tracker
(TRT)

• Calorimetry: high-granularity electromagnetic and hadronic calorimeters outside solenoid

• Muons: 4 different chambers technologies (precision tracking and trigger)

• Magnets: inner solenoid and 3 outer toroid systems

KyungEon Choi Tracking and Vertexing with the ATLAS Inner Detector in the LHC Run-2 14/12



The ATLAS Inner Detector

including	IBL
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Insertable B-Layer (IBL) bowing effect

(a)

(b)

Figure 3: (a) Full package of the IBL staves with the central ring simulated by the 3D FEA representing the dis-
tortion. The size of the distortion is magnified for visualization. The color represents the relative size of the local
displacement. The temperature is set at �T = �60 K uniformly from the nominal temperature. The distortion
is magnified by factor 20. (b) Visualization of the distorted stave with magnified distortion size. The size of the
distortion is magnified for visualization. The color represents the magnitude of the displacement. The right bottom
graph shows the relative displacement size in local-x direction (xL) as a function of the global z-position at the face
plate surface of the stave.
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(a)

(b)

Figure 3: (a) Full package of the IBL staves with the central ring simulated by the 3D FEA representing the dis-
tortion. The size of the distortion is magnified for visualization. The color represents the relative size of the local
displacement. The temperature is set at �T = �60 K uniformly from the nominal temperature. The distortion
is magnified by factor 20. (b) Visualization of the distorted stave with magnified distortion size. The size of the
distortion is magnified for visualization. The color represents the magnitude of the displacement. The right bottom
graph shows the relative displacement size in local-x direction (xL) as a function of the global z-position at the face
plate surface of the stave.
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• The size of the distortion is magnified for visualization

• The color represents the relative size of the local displacement
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Fake rate vs. µ in p+p collisions
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Figure 2: Average number of reconstructed tracks as a function of µ for data and minimum bias simulation, applying
the Loose and Tight Primary selections (a), and an estimation of the tracking fake rate, derived from the deviation
from linearity of a fit to Ntracks as a function of µ (b). In (a), the statistical uncertainty on the mean number of tracks
is considered, but are too small to be seen. The displayed µ range for data, in contrast to simulation, is limited by
the available µ values in the data sample.

The biases listed above were assessed using an iterative method described in [17, 18]. A data set of
around 130,000 Z ! µµ event candidates were selected as described in [19], taken from a data period
with stable Inner Detector conditions. However, with run-dependent alignment corrections in place, the
results extracted from this selected period are representative of the entire 25 ns data set.

Figure 3 shows the ⌘ � � map of the sagitta distortion. The ⌘ projection of the map and the Root Mean

η
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Figure 3: ⌘ � � map of the sagitta distortion (�sagitta) as reconstructed from Z ! µµ events.

Squared (RMS) spread in each ⌘ bin are shown in Figures 4(a) and 4(b), respectively. It is worth noting
that the � variation of the bias (represented by the RMS) is usually of similar order as the mean value
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Hard-scatter primary vertex and merged vertices

• Left: efficiency to reconstruct then select the hard-scatter primary vertex

as a function of the average number of interactions per bunch crossing

• Right: average number of lost vertices due to merging and other

inefficiencies
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Figure 14: (a) Average number of generated primary vertices with at least two charged particles within the detector
acceptance, that are not reconstructed due to merging (blue) and due to detector ine�ciencies (red), as a function
of the average number of interactions per bunch crossing, µ. (b) Average number of reconstructed primary vertices
of each truth-matching category compared to the total number of generated vertices with two particles within the
detector acceptance, as a function of the average number of interactions per bunch crossing. The available MC
simulation samples were generated with values of µ below 22 and above 38.

7 Performance in the high pile-up regime

In this section, the study of the primary vertex reconstruction performance at low µ is extended to the high
pile-up regime. A dedicated data sample of minimum-bias events collected with values of µ between 55
and 72 was used to study the performance of the primary vertex reconstruction in the presence of multiple
vertices. The simulation samples spanned values of µ from 0 to 22, typical of the standard 2012 data-
taking conditions, and from 38 to 72 to emulate the high µ data sample.

The e�ciency of primary vertex reconstruction decreases with increasing pile-up. In addition to the
ine�ciencies a↵ecting single vertex reconstruction described in Section 6, e↵ects related to the merging
of adjacent primary vertices start to play a significant role as pile-up increases. Figure 14(a) shows the
average number of vertices lost due to merging and to other e↵ects, such as track reconstruction and
detector acceptance. Merging has a small e↵ect on overall vertex reconstruction e�ciency for µ values
below 20, but it is a dominant e↵ect for µ values above 40. Figure 14(b) shows the average number of
expected reconstructed primary vertices as a function of µ, for the two main classes of vertices defined
in Section 5, matched vertices, consisting of tracks mostly coming from a single interaction, and merged
vertices. For the highest values of µ around 70, where one expects about 60 primary vertices with at
least two charged particles with pT > 400 MeV within the detector acceptance, a total of 30 primary
vertices are expected to be reconstructed on average, out of which about 10 are merged vertices. About
20 additional primary vertices are lost due to merging and about 10 due to other ine�ciencies as shown in
Fig. 14(a). Vertices classified as “Fake" or “Split", according to the definitions presented in Section 5.1,
are not shown in Fig. 14(b), since they represent a very small contribution of at most 2% of the total
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Figure 11: E�ciency to reconstruct and then select the hard-scatter primary vertex as a function of the average
number of pp interactions per bunch crossing, µ, for di↵erent physics processes: (a) all reconstructed events; (b)
events with at least two muons with pT > 15 GeV reconstructed within the ATLAS inner detector acceptance. The
points showing the tt̄ e�ciency with and without acceptance criteria overlap.

Z ! µµ process is visible when muons are reconstructed in the acceptance, resulting in at most 2% of
events with a wrongly selected hard-scattering primary vertex for µ of 38. These losses are primarily
due to the small but non-zero probability that the

P
p2

T of tracks from one of the inelastic interactions
in the minimum-bias sample is larger than in the Z ! µµ interaction, as illustrated in Fig. 10. A more
quantitative prediction of this loss is given in Section 8.

6 Primary vertices in minimum-bias data

This section presents a study of single primary vertex reconstruction in soft interactions which are char-
acteristic of the pile-up events superimposed on the hard-scatter event of interest. This study is based on a
minimum-bias data sample with a single primary vertex reconstructed in each event and corresponding to
an average number of interactions per bunch crossing µ = 0.01. These data are compared to a simulation
of inelastic interactions using the PYTHIA8 event generator.

The reconstruction e�ciency for primary vertices produced in soft pp interactions varies depending on the
nature of the soft interaction process. If the majority of final-state charged particles are produced outside
the detector acceptance, the reconstruction of the corresponding primary vertex may be unsuccessful. The
vertex reconstruction e�ciency may be further reduced by the ine�cient reconstruction of very low pT
trajectories, characteristic of these soft interactions. Table 4 shows the e�ciencies for reconstructing the
primary vertex in events from a minimum-bias sample with only single interactions. These e�ciencies are
obtained from PYTHIA8 MC simulation separately for the three processes which produce minimum-bias
triggers in the experiment, namely non-di↵ractive, single-di↵ractive, and double-di↵ractive interactions.
Without selection cuts the reconstruction e�ciency depends strongly on the process: increasing from
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Vertexing resolution in Run-1 and Run-2
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Figure 9: Primary Vertex resolution (scaled by k-factors) as a function of the number of tracks.
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The average number of interactions per bunch crossing
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