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The LHC and its experiments 2
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Large Ion Collider Experiment (ALICE) [8], which will study the properties of lead-lead collisions,

and the Large Hadron Collider Beauty Experiment (LHCb) [29], an experiment designed to study

physics using bottom quarks, are located at Point 2 and Point 8, respectively. Two of the remaining

points contain equipment used for beam cleaning (Points 3 and 7); Point 4 contains radio-frequency

cavities; and Point 6 is the location of the beam dump.
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Figure 4.1: Schematic diagram of the Large Hadron Collider (LHC) [79]. The eight possible proton
crossing points are labelled as Points 1-8. The buildings for the four large LHC experiments: ATLAS
(Point 1), ALICE (Point 2), CMS (Point 5) and LHCb (Point 8) are coloured.

Each of the two beams, which travel in opposite directions around the ring, contain protons.

Therefore the two beams need independent magnet systems, because the particles in the beams

have the same charge3. The 3.7 m diameter of curved sections of the tunnel is not large enough to

contain two completely separate rings, therefore a twin-bore magnet system was designed in which
3This is in contrast to the Tevatron collider at Fermilab, which collides protons with antiprotons. As the par-

ticles have opposite charge and move in the opposite direction, both beams require a magnetic field with the same
orientation. A di�erent choice was made for the LHC to avoid the technical challenges in producing and storing
antiprotons.
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Figure 1. Schematic cross section through the CMS tracker in the r-z plane. In this view, the tracker
is symmetric about the horizontal line r = 0, so only the top half is shown here. The centre of the tracker,
corresponding to the approximate position of the pp collision point, is indicated by a star. Green dashed lines
help the reader understand which modules belong to each of the named tracker subsystems. Strip tracker
modules that provide 2-D hits are shown by thin, black lines, while those permitting the reconstruction of
hit positions in 3-D are shown by thick, blue lines. The latter actually each consist of two back-to-back strip
modules, in which one module is rotated through a ‘stereo’ angle. The pixel modules, shown by the red
lines, also provide 3-D hits. Within a given layer, each module is shifted slightly in r or z with respect to its
neighbouring modules, which allows them to overlap, thereby avoiding gaps in the acceptance.

Each TEC is composed of nine disks, each containing up to seven concentric rings of silicon strip
modules, yielding a range of resolutions similar to that of the TOB.

To refer to the individual layers/disks within a subsystem, we use a numbering convention
whereby the barrel layer number increases with its radius and the endcap disk number increases
with its |z|-coordinate. When referring to individual rings within an endcap disk, the ring number
increases with the radius of the ring.

The modules of the pixel detector use silicon of 285 µm thickness, and achieve resolutions
that are roughly the same in rf as in z, because of the chosen pixel cell size of 100⇥ 150 µm2 in
rf ⇥ z. The modules in the TIB, TID and inner four TEC rings use silicon that is 320 µm thick,
while those in the TOB and the outer three TEC rings use silicon of 500 µm thickness. In the barrel,
the silicon strips usually run parallel to the beam axis and have a pitch (i.e., the distance between
neighbouring strips) that varies from 80 µm in the inner TIB layers to 183 µm in the inner TOB
layers. The endcap disks use wedge-shaped sensors with radial strips, whose pitch varies from
81 µm at small radii to 205 µm at large radii.

The modules in the innermost two layers of both the TIB and the TOB, as well as the modules
in rings 1 and 2 of the TID, and 1, 2 and 5 of the TEC, carry a second strip detector module, which
is mounted back-to-back to the first and rotated in the plane of the module by a ‘stereo’ angle of
100mrad. The hits from these two modules, known as ‘rf ’ and ‘stereo hits’, can be combined
into matched hits that provide a measurement of the second coordinate (z in the barrel and r on the

– 3 –

16 Chapter 2. Expected Performance & Physics Capabilities

used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.
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Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

ATLAS

CMS

LHCb
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H -> ZZ candidate event run204769_evt71902630

http://atlasexperiment.org/photos/atlas_photos/selected-photos/events/run204769_evt71902630.png


Track Reconstruction 4
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measurements:
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Illustration: 
A schematic view of a particle in a magnetic field.

Image courtesy of A. Salzburger
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Track reconstruction = 

pattern recognition + tracking fitting



5A typical 13 TeV LHC collision



Pile up at Hadron Colliders

• ~1011 protons per bunch to maximise number of interactions

• Maximise physics reach !


• But, typically more than one pair of protons collides

• Currently, ~40 collisions per bunch crossing

6

LHC
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High PU event recorded 
at the CMS experiment

86 reconstructed 
vertices

Run: 280327
Lumisection: 67
Event: 55711771  

Leading jet:
 
PT = 245 GeV
Y = -1.7
Phi = -0.02

Subleading jet:
 
pT = 199 GeV
Y = 0.1
phi = 0.7

A high pile-up 13 TeV LHC collision

86 reconstructed vertices

Challenge: reconstruct all these tracks accurately 
and efficiently



Pile up, now and in the future 8

LHC Run-1 
~2010-2013

LHC Run-2 
~2015-2018

LHC Run-4 
~2026+

FCC 
~2040?

μ 21 40 150-200 1000

Tracks ~280 ~600 ~7-10k ~100k



The Tracking Challenge 
• Reconstruct charged particles efficiently (typically >99%) and with a 

low fake rate (typically <<1%)

• CPU time scales in ~quadrature with number of tracks or μ

• Very challenging to obtain good performance within computing 

resources

•  e.g. Reoptimisation to reduce CPU by factor of 4 during recent long 

shut-down, largely technical as opposed to algorithmic

9

Highly non-
linear

Remember: it’s not only μ that is increasing, also more data with time



Not just tracking
• Track reconstruction is not just about 

reconstructing charged particles

• Tracks are used in almost every element of 

reconstruction and hence physics

• Leptons

• Primary vertices

• Pileup removal for jets and missing energy

• Jet flavour tagging

10

Vertex reconstruction Pile up removal Jet flavour tagging

Quarks and gluons are 
reconstructed in the 

detector as jets



Tracking Algorithms
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Track Reconstruction: ATLAS as an example 12

Transition
Radiation
Tracker

Silicon
Detectors

TRT Extension

Seed

Silicon
Track

Space Point
Silicon
Track
Candidate

Nominal
Interaction
Point

ATLAS-CONF-2010-072

Space point formation

Seed finding

Track finding

Ambiguity Solving

TRT Extension

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2010-072/


forward filt
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backw
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(sm
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q0

The Kalman Filter
• Initially developed by R. Kalman to 

track missiles

• Pioneered by Billoir and R. Fruehwirth 

for HEP

• Progressive least square estimation 


• equivalent to a χ2 fit (if run with a 
smoother)


• start with transport of track 
parameters (and covariances) to 
measurement surface, create 
predicted parameters (“predicted 
state”)


• combine/update predicted 
parameters with measurement to 
updated parameters (“filtered state”)

13

A. Salzburger



ATLAS Strategy: Ambiguity Solving
• Strategy: Obtain high efficiency by applying loose requirements 

during reconstruction and find the best candidates by ambiguity 
solving


• Precise least-square fit to estimate track parameters

• Select best silicon-only tracks using a scoring function


• hit content

• holes

• shared hits

• fit quality

14
ATLAS-CONF-2010-072

Scoring function from 
ambiguity solver

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2010-072/


Iterative Track Reconstruction: CMS 15
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CMS example: Tracking in pile up 16

ηSimulated track 
3− 2− 1− 0 1 2 3

Tr
ac

ki
ng

 e
ffi

ci
en

cy

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

2017 no PU
=35〉PU〈2017 
=50〉PU〈2017 
=70〉PU〈2017 

 13 TeVCMS Simulation preliminary

 event trackstt
 < 3.5 cm0d > 0.9 GeV, 

T
p

 (GeV)
T

Track p
1−10 1 10 210

Tr
ac

ki
ng

 fa
ke

 ra
te

0

0.1

0.2

0.3

0.4

0.5

0.6

2017 no PU
=35〉PU〈2017 
=50〉PU〈2017 
=70〉PU〈2017 

 13 TeVCMS Simulation preliminary

 event trackstt

CMS twiki

https://twiki.cern.ch/twiki/bin/view/CMSPublic/TrackingPOGPerformance2017MC#Track_Reconstruction_Performance


CMS: Algorithmic Improvements 17
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Dense Environments
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Dense Environments: Jets 19

The cores of jets at the LHC 
have higher density than 

from pile up

Challenge: reconstructing 
overlapping tracks

First problem is that clusters 
from separate tracks are no 

longer reconstructed as 
individual clusters


ATLAS pixel dimensions 

50x400 (250) μm



Dense environments

• Efficiency improvements for overlapping particles in the cores of jets

• 2012: multivariate technique exploiting information on cluster charge 

and shape

• 2015: correlate information between layers


• Similar ideas and techniques used by CMS

20
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Tracking, Pile up and Computation
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Pile up and the Future

• No formal proof, but 
algorithms observed to 
scale ∝~N2


• Increased pile up

• Computing architectures 

are changing rapidly

• Parallelism

• Balance between CPU 

and memory

• IO rate vs CPU rate


• Algorithms need to be 
rethought

22

Need: new ideas and techniques



Parallelism

• Current algorithms cannot be ported 
directly to run in parallel architectures


• Optimal performance by considering 
the event as a whole, not individual 
tracks


• Challenges include

• defining appropriate regions of 

interests (ROIs) without 
performance loss


• thread balancing: defining an equal 
workload because the track density 
in the detector is highly non-uniform 

23
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Ivan Kisel, Uni-Frankfurt, FIAS CTD 2016, Vienna, 22.02.2016      /14 

Cellular Automaton (CA) Track Finder

6

0. Hits

1. Segments

1 2 3 4
2. Counters

3. Track Candidates

4. Tracks

Detector layers

Hits

4. Tracks (CBM)

0. Hits (CBM)

1000 Hits

1000 Tracks

Cellular Automaton: 
1. Build short track segments. 
2. Connect according to the track model, 
    estimate a possible position on a track. 
3. Tree structures appear, 
    collect segments into track candidates. 
4. Select the best track candidates.

Useful for complicated event topologies with large combinatorics and for parallel hardware

        Cellular Automaton: 
• local w.r.t. data 
• intrinsically parallel 
• extremely simple 
• very fast 

Perfect for many-core CPU/GPU !



Associative Memory

• Store possible tracks patterns directly in hardware

• Direct mapping from hit patterns to tracks

• Avoids scaling with combinatorics

• Can be sensitive to changes in detector conditions


• Prototype in CDF

• Currently being installed within ATLAS as the Fast Track Trigger (FTK)

• Currently unclear if similar techniques could be used within offline 

algorithms

25

07/26/17
Machine Learning in Tracking
 Hammers & Nails, July 2017

J.-R. Vlimant

23

Associative Memory

Giacomo Fedi, CTD 2016



Pattern Prediction from Deep Learning 26

Machine Learning in Tracking
 Hammers & Nails, July 2017

J.-R. Vlimant

53

Seeded Pattern Prediction

● Hits on first 3 layers are used as seed
● Predict the position of the rest of the hits on all layers

S. Farrell et al

Predict track pattern based on seed, 
e.g. using LSTM , convolutional NN 

Also including noise

Many techniques from machine learning are being 
explored in the context of track reconstruction



Conclusion

• Precise and efficient track reconstruction algorithms have been 
developed and used in the high pile up LHC environment

• Play a central role in event reconstruction

• Demand significant computing resources


• Upcoming challenges include

• 50x more data

• Order of magnitude increase in the number of tracks

• Smaller increase in CPU power


• Many new ideas are being actively explored

• Algorithms to exploit parallelisation

• Techniques from machine learning

• Other ideas are welcome!

27
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Detectors for Charged Particles 29
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Figure 1. Schematic cross section through the CMS tracker in the r-z plane. In this view, the tracker
is symmetric about the horizontal line r = 0, so only the top half is shown here. The centre of the tracker,
corresponding to the approximate position of the pp collision point, is indicated by a star. Green dashed lines
help the reader understand which modules belong to each of the named tracker subsystems. Strip tracker
modules that provide 2-D hits are shown by thin, black lines, while those permitting the reconstruction of
hit positions in 3-D are shown by thick, blue lines. The latter actually each consist of two back-to-back strip
modules, in which one module is rotated through a ‘stereo’ angle. The pixel modules, shown by the red
lines, also provide 3-D hits. Within a given layer, each module is shifted slightly in r or z with respect to its
neighbouring modules, which allows them to overlap, thereby avoiding gaps in the acceptance.

Each TEC is composed of nine disks, each containing up to seven concentric rings of silicon strip
modules, yielding a range of resolutions similar to that of the TOB.

To refer to the individual layers/disks within a subsystem, we use a numbering convention
whereby the barrel layer number increases with its radius and the endcap disk number increases
with its |z|-coordinate. When referring to individual rings within an endcap disk, the ring number
increases with the radius of the ring.

The modules of the pixel detector use silicon of 285 µm thickness, and achieve resolutions
that are roughly the same in rf as in z, because of the chosen pixel cell size of 100⇥ 150 µm2 in
rf ⇥ z. The modules in the TIB, TID and inner four TEC rings use silicon that is 320 µm thick,
while those in the TOB and the outer three TEC rings use silicon of 500 µm thickness. In the barrel,
the silicon strips usually run parallel to the beam axis and have a pitch (i.e., the distance between
neighbouring strips) that varies from 80 µm in the inner TIB layers to 183 µm in the inner TOB
layers. The endcap disks use wedge-shaped sensors with radial strips, whose pitch varies from
81 µm at small radii to 205 µm at large radii.

The modules in the innermost two layers of both the TIB and the TOB, as well as the modules
in rings 1 and 2 of the TID, and 1, 2 and 5 of the TEC, carry a second strip detector module, which
is mounted back-to-back to the first and rotated in the plane of the module by a ‘stereo’ angle of
100mrad. The hits from these two modules, known as ‘rf ’ and ‘stereo hits’, can be combined
into matched hits that provide a measurement of the second coordinate (z in the barrel and r on the
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ATLAS Inner 
Detector

Old CMS 
Tracker

R inner R outer |η| range B field X0 at |η|=0
pT resolution 

at 1 (100) GeV, 
|η|=0

d0 resolution 
at 1 (100) GeV, 

|η|=0 [μm]

ATLAS 3.3 cm 1.1 m 2.5 2 T 0.3 1.3 (3.8)% 70 (5)

CMS 3 cm 1.1 m 2.5 4T 0.4 0.7 (1.5)% 90 (20)

ATL-PHYS-PUB-2015-009
CMS Pixel TDR

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-009/fig_01.png
https://cds.cern.ch/record/1481838?ln=en


Precise positions of detector elements 
are not known a priori, determine via 
alignment procedure

• Minimise a Χ2 matrix


• track parameters


• alignment parameters

Challenges in Tracking: Alignment 30

χ2 =
!

tracks

r
T (t, a)V−1

r(t, a)

t = (d0, z0, η,φ, q/p)

a = (Tx, Ty, Tz, Rx, Ry, Rz)

• Weak modes are geometrical distortions that leave the Χ2 invariant 

• Additional information via constraints to remove weak modes


• on track parameters (e.g. beam spot, resonance inv. mass (Z→μμ)) 

• and/or alignment parameters (e.g. assembly survey) 



Challenges: Dynamic Alignment
• Detector components have been observed to move e.g. due to power 

consumption or magnetic field changes 

• ATLAS made a major upgrade to its alignment procedure to allow the 

alignment to be updated every ~100 minutes

• Obtained performance comparable or better than during Run-1 despite 

detector movements

• CMS employs an automatic procedure to monitor movements of high-

level structures

• When appropriate detector geometry is updated based on these 

online results
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ATLAS Inner 
Detector

R inner R outer |η| range B field X0 at |η|=0
pT resolution 

at 1 (100) GeV, 
|η|=0

d0 resolution 
at 1 (100) GeV, 

|η|=0 [μm]

ATLAS 3.3 cm 1.1 m 2.5 2 T 0.3 1.3 (3.8)% 70 (5)

CMS 3 cm 1.1 m 2.5 4T 0.4 0.7 (1.5)% 90 (20)

ATL-PHYS-PUB-2015-009
CMS Pixel TDR

2014 JINST 9 P10009

r (
cm

)

0
10
20
30
40
50
60
70
80
90

100
110

z (cm)
-300 -200 -100 0 100 200 300

3.0
2.8
2.6

2.4

2.2

2.0

1.8

1.6

-3.0
-2.8
-2.6

-2.4

-2.2

-2.0

-1.8

-1.6
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

→ η →

−TEC TEC+

TOB

TIB−TID TID+

PIXEL

Figure 1. Schematic cross section through the CMS tracker in the r-z plane. In this view, the tracker
is symmetric about the horizontal line r = 0, so only the top half is shown here. The centre of the tracker,
corresponding to the approximate position of the pp collision point, is indicated by a star. Green dashed lines
help the reader understand which modules belong to each of the named tracker subsystems. Strip tracker
modules that provide 2-D hits are shown by thin, black lines, while those permitting the reconstruction of
hit positions in 3-D are shown by thick, blue lines. The latter actually each consist of two back-to-back strip
modules, in which one module is rotated through a ‘stereo’ angle. The pixel modules, shown by the red
lines, also provide 3-D hits. Within a given layer, each module is shifted slightly in r or z with respect to its
neighbouring modules, which allows them to overlap, thereby avoiding gaps in the acceptance.

Each TEC is composed of nine disks, each containing up to seven concentric rings of silicon strip
modules, yielding a range of resolutions similar to that of the TOB.

To refer to the individual layers/disks within a subsystem, we use a numbering convention
whereby the barrel layer number increases with its radius and the endcap disk number increases
with its |z|-coordinate. When referring to individual rings within an endcap disk, the ring number
increases with the radius of the ring.

The modules of the pixel detector use silicon of 285 µm thickness, and achieve resolutions
that are roughly the same in rf as in z, because of the chosen pixel cell size of 100⇥ 150 µm2 in
rf ⇥ z. The modules in the TIB, TID and inner four TEC rings use silicon that is 320 µm thick,
while those in the TOB and the outer three TEC rings use silicon of 500 µm thickness. In the barrel,
the silicon strips usually run parallel to the beam axis and have a pitch (i.e., the distance between
neighbouring strips) that varies from 80 µm in the inner TIB layers to 183 µm in the inner TOB
layers. The endcap disks use wedge-shaped sensors with radial strips, whose pitch varies from
81 µm at small radii to 205 µm at large radii.

The modules in the innermost two layers of both the TIB and the TOB, as well as the modules
in rings 1 and 2 of the TID, and 1, 2 and 5 of the TEC, carry a second strip detector module, which
is mounted back-to-back to the first and rotated in the plane of the module by a ‘stereo’ angle of
100mrad. The hits from these two modules, known as ‘rf ’ and ‘stereo hits’, can be combined
into matched hits that provide a measurement of the second coordinate (z in the barrel and r on the
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used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.

=0 =1.0=0.5 =1.5
=2.0

=2.5

=2.5

=2.0
=1.5=1.0=0.5=0

50.0 cm

Upgrade

Current

Outer rings
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Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-009/fig_01.png
https://cds.cern.ch/record/1481838?ln=en

