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CMS tracker detector

Immersed in a 3.8 T magnetic field.
σ(pT)/pT~1-2% (at pT=100 GeV/c)

IP resolution~10-20 μm (at pT=10-100 GeV/c)

The CMS Silicon Tracker Layout
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Basic Performances
 σ(PT)/PT ~1-2% (PT~100 GeV/c)

IP resolution ~10-20!m (PT=100-10 GeV/c)

The world largest Silicon Tracker
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Pixel Detector
66M channels

100x150 !m2 pixel
LHC radiation resistant

Si-Strip detector
~23m3; ~200m2 of Si area;

~9x106 channels;
LHC radiation resistant

Largest silicon tracker ever built.
Active area: ~200 m2

In operation since July 2008. 

Pixel detector:
- 66M readout channels
- 100x150 μm2  

Strip detector:
- ~9M readout channels
- 80-205 μm pitches
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Track reconstruction 

Track Reconstruction at CMS10/27/09

For the remaining seeds, each one is then propagated outward to 
collect more hits to find the full trajectory of the charged particle. 

Trajectory Building

12
Seeding

Starts from the pixel layers. 
Made from hit triplets or pairs with the beamspot. 
Seeds not compatible with the beamspot are discarded.
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Track reconstruction 

Track Reconstruction at CMS10/27/09

? ?

If the propagated trajectory intersects a layer where there are no 
compatible hits, the trajectory is likely a fake and can be rejected. 

Trajectory Building

18

Trajectory Building
Each seed is propagated to the successive layers, using a 
Kalman filter technique. 
Allows for missing hits in a layer.  
Propagation continues until there are no more layers or there’s 
more than one missing hit.
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Track Reconstruction at CMS10/27/09

Track Fitting

23

Final fit uses all hits to obtain the best measurement of the track 
parameters at the point of production 

Track reconstruction 

Track Fitting
More hits are added and the track parameters estimation is 
updated every time a new hit is found. 
A final fit is performed to obtain the track parameters at the 
interaction point. 
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Iterative Tracking

Main Idea
Do the pattern recognition in various iterations:
- start from the high pT seeds to reconstruct the most energetic tracks. 
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Iterative Tracking

Main Idea
Do the pattern recognition in various iterations:
- start from the high pT seeds to reconstruct the most energetic tracks. 
- remove the hits associated with the found tracks, 
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Iterative Tracking

Main Idea
Do the pattern recognition in various iterations:
- start from the high pT seeds to reconstruct the most energetic tracks. 
- remove the hits associated with the found tracks,
- repeat the pattern recognition with looser set of cuts. Find lower pT, more 
displaced tracks.
- Track parameters: (q/p, dz, d0, η, φ)
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Iterative Tracking (in 2011)

Iteration Seeds pT cut d0 cut dz cut

0 pixel triplets 0,8 GeV/c 0,2cm 3,0σ
1 pixel pairs 0,6 GeV/c 0,2cm 0,2cm

2 pixel triplets 0,075 GeV/c 0,2cm 3,3σ
3 pixel,TIB,TID,TEC 0,35 GeV/c 1,2cm 10,0cm

4 TIB,TID,TEC 0,5 GeV/c 2,0cm 10,0cm

5 TOB,TEC 0,6 GeV/c 5,0cm 30,0cm

At the end of each step tracks are filtered based on number of hits, 
number of 3D hits, number of missed hits, χ2 of the fit, d0 and dz. 

Cuts configurable and define collections with different purity. 
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Tracking Performance

Track reconstruction efficiency for single, isolated muons as a function 
of ! and PT. Barrel, transition and endcap regions are defined by the 
pseudo-rapidity intervals [0-0.9], [0.9-1.4] and [1.4-2.5], respectively.
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Muons

Pions

Efficiency is almost 100% for muons. Around 90% for pions.
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Tracking Performance
30 5 Track reconstruction performance

of the probe muons are not genuine. This correction is obtained by fitting the dilepton mass873

spectrum in order to subtract the non-resonant background, (since only genuine dimuons will874

contribute to the resonance). This must be done separately for candidates in which the probe875

is or is not associated to a track.876

Figure 13: Tracking efficiency measured with a tag-and-probe technique, for muons from Z0

decay, as a function of the muon η (left) and the number of reconstructed primary vertices in
the event (right) for data (black) and simulation (blue).

From physics reasoning and simulation studies, the tracking efficiency for muons is not ex-877

pected to depend on pT in the energy range relevant for this measurement. The results of the878

T&P fit are shown in Fig. 13 as a function of the probe η and number of reconstructed primary879

vertices in the event. The measured tracking efficiency for muons from Z0 decay is well over880

99% in both data and simulation. The data displays a small drop in tracking efficiency with881

increasing pileup, which is not reproduced by the simulation. This may be explained by the882

dynamic (pileup dependent) inefficiency of the pixel detector, described in Sect. 3.3, which is883

not modelled in the simulation.884

5.2 Track parameter resolution885

This section quantifies the level of precision that is achieved in estimating the parameters of886

the reconstructed trajectories. In the context of the reconstruction software of CMS, the five887

parameters used to describe a track are: d0, z0, ϕ, cot ϑ and the transverse momentum pT.888

These track parameters are defined at the point of closest approach of the track to the beam889

axis. This point is called the impact point, with coordinates (x0, y0). Thus d0 and z0 measure the890

coordinates of the impact point in the radial and z directions (d0 = y0 ∗ cos ϕ − x0 ∗ sin ϕ), ϕ is891

the azimuthal angle of the momentum vector of the track and ϑ the polar angle.892

The resolution is studied using simulated events. For each of the five track parameters, the893

resolution is plotted as a function of the η or pT of the simulated charged particle. In every η894

or pT bin, the resolution is calculated in two different ways: firstly from the fitted width of a895

gaussian fit of the residual distribution1 and secondly as the RMS of the same distribution.896

1The residual is the difference between the parameter of the reconstructed track and the corresponding value of
the simulated particle’s parameter.

Tracking efficiency for muons measured in Z→μμ events, with a 
tag and probe technique. 
Tag muon reconstructed in the muon chambers and in the 
tracker. 
Probe muon reconstructed with the muon chamber only.  

Efficiency is very high and compatible with simulation. 
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Vertex Reconstruction
Deterministic Annealing Vertexing is used in CMS. 
Tracks are soft assigned to vertices, by using appropriate weights. 
To avoid finding local minima annealing is performed applying a 
Temperature on the σ(dz) of tracks. 

Performance of Primary Vertex reconstruction
Event-by-event reconstruction of primary vertices is important: beam spot 

measurement, pile-up, b-tagging. PV algorithm is an Adaptive Kalman Filter.

Data-driven method to 
measure efficiency and 
position resolutions

17

Random Split

PV1

PV2

PV

Tag & Probe

Comparison of
PV1 vs PV2

positions

Resolution Measurement 
Data driven method:
- split the same vertex in 2,
- fit the 2 primary vertices indipendently.
The position difference gives the resolution.
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Vertex Resolution

Primary Vertex resolution strongly depends on number of tracks. 
Asymptotic resolution around 10-20 μm.44 6 Beamspot and primary vertex reconstruction and performance

(a) (b)

Figure 21: Primary vertex resolution in x (a) and z (b) as a function of the number of tracks, for
two different kinds of events with tracks of different average transverse momentum.

Figure 22: Primary vertex efficiency as a function of the number of tracks in a cluster, measured
in minimum bias data and simulation.

the probability to produce a minimal number of charged particles in a minimum bias interac-1085

tion is considered.1086

Just as in the measurement of the resolution, the primary vertex reconstruction efficiency de-1087

pends strongly on the number of tracks in the cluster. The same split method described in1088

the previous section can be used to measure the reconstruction efficiency as a function of the1089

number of tracks in the cluster. In this implementation of the split method, the tracks used in1090

the primary vertex in an event are ordered first in descending order of pT and then split into1091
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Btagging variables

Impact Parameter significance is the main
 b-tagging discriminating variable. 

Need excellent vertexing and tracking.
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Tracking for trigger

Several use cases for tracking at the 
High Level Trigger (software).

Jet reconstruction: iterative tracking 
at HLT improves jet resolution. 
b-tagging: tracking with pixels or 
regional tracking, for IP measurements.
Leptons reconstruction: to improve 
resolution hence turn on curves. 

Standard algorithms are too slow to be 
used online: O(10 s). 
Online version much faster: O(100 ms)

100 kHz

20 MHz

500 Hz
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Tracking at HLT 

Pixel based reconstruction for tracks and vertices. 
Useful for reconstructing electrons and muons, for Particle Flow and 

b-tagging.

Number of tracks and vertices as a function of the Pile Up, for a single fill.

Fill 2712 Fill 2712
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Tracking at HLT 

b-tagging: a 2 step 
approach (pixel tracks and full 
tracks) allows to trigger events 
at low rate and with low CPU 
timing.

Muon reconstruction: 
thanks also to muon 
tracking muon triggers have 
very sharp turn on curves.  



A. Tropiano, Tracking and vertexing performance in CMS, Vertex 2012, Jeju 

Summary

The CMS tracker is a huge and complex apparatus, 
performing very well (see Gero and Seth presentations 
for details).

Tracking and vertexing at LHC are very challenging. 
CMS tracking software is coping well with this task:
- More than 99% muon tracking efficiency. 
- IP resolution O(10 μm).

Tracking is widely used at the trigger level. Important 
for b-tagging, lepton and jet reconstruction. 
Almost all HLT paths use tracking and/or vertexing.
Up to 20% of trigger CPU devoted to tracking in 2012.   
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Thank you!
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24 5 Track reconstruction performance
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Figure 8: Track reconstruction efficiency for single, isolated muons (top), pions (middle) and elec-
trons (bottom) passing the highPurity quality requirements. Results are shown as a function of
η (left), for transverse momenta of 1, 10 and 100 GeV. They are also shown as a function of pT
(right), for the barrel, transition and endcap regions, that are defined by the pseudo-rapidity
intervals [0-0.9], [0.9-1.4] and [1.4-2.5], respectively
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Figure 8: Track reconstruction efficiency for single, isolated muons (top), pions (middle) and elec-
trons (bottom) passing the highPurity quality requirements. Results are shown as a function of
η (left), for transverse momenta of 1, 10 and 100 GeV. They are also shown as a function of pT
(right), for the barrel, transition and endcap regions, that are defined by the pseudo-rapidity
intervals [0-0.9], [0.9-1.4] and [1.4-2.5], respectively
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Backup

44 6 Beamspot and primary vertex reconstruction and performance

(a) (b)

Figure 21: Primary vertex resolution in x (a) and z (b) as a function of the number of tracks, for
two different kinds of events with tracks of different average transverse momentum.

Figure 22: Primary vertex efficiency as a function of the number of tracks in a cluster, measured
in minimum bias data and simulation.

the probability to produce a minimal number of charged particles in a minimum bias interac-1085

tion is considered.1086

Just as in the measurement of the resolution, the primary vertex reconstruction efficiency de-1087

pends strongly on the number of tracks in the cluster. The same split method described in1088

the previous section can be used to measure the reconstruction efficiency as a function of the1089

number of tracks in the cluster. In this implementation of the split method, the tracks used in1090

the primary vertex in an event are ordered first in descending order of pT and then split into1091

Efficiency measured 
with a TnP techinique

42 6 Beamspot and primary vertex reconstruction and performance

vertices coinciding at position k is represented by the weights ρk. Now the sum of all weights1014

is constant and the number of weighted vertices increases with decreasing temperature and is1015

adjusted at each temperature step.1016

The assignment probabilities are given by

pik =
ρk exp

�
− 1

T
(zT

i −zV
k )

2

σ2
i

�

∑k� ρk� exp
�
− 1

T
(zT

i −zV
k� )

2

σ2
i

� (8)

The temperature T controls the softness of the assignment and the resolution as effectively it1017

scales the σi by
√

T. At very high T, all pik are equal and all tracks are compatible with a single1018

vertex. Hard assignment is approached for very low T and for T → 0 every track is compatible1019

with exactly one vertex.1020

The DA algorithm starts at a very high temperature with a single vertex prototype, then grad-1021

ually decreases T and iteratively seeks ∂
∂zV

k
F = ∂

∂ρk
F = 0 at the new temperature starting from1022

the result of the previous temperature step. This permits tracking the global minimum of F1023

from high to low temperature and avoids local minima.1024

The number of vertex prototypes must be increased when the minimum of F turns into a saddle1025

point for lower temperatures. This happens when T falls below the critical temperature of one1026

of the vertices, Tk
c = 2 ∑i

pi pik
σ2

i

�
zT

i −zV
k

σi

�2
/ ∑i

pi pik
σ2

i
. That vertex is then replaced by two nearby1027

vertices before the temperature is decreased further. In this way, the DA process finds not only1028

positions and assignments but also the number of vertices.1029

The starting point is a temperature above the first critical temperature, evaluated with ρk =1030

pik = 1. The temperature is decreased at every step by the cooling factor 0.6. The annealing is1031

continued down to a minimal temperature Tmin = 4, which represents a compromise between1032

the resolving power and the probability of splitting real vertices.1033

Despite the inherent soft assignment of the DA clustering, the final vertex does not currently1034

foresee that tracks are assigned to multiple vertices. For the final assignment, the annealing is1035

continued down to T = 1, but without further splitting.1036

The DA algorithm as described is not robust against outliers such as secondary or mismeasured1037

tracks. Above Tmin outlier rejection competes with splitting and is not used. Below Tmin an1038

outlier rejection term Zi = exp(− 1
T µ2) is added to the vertex sums in Eqn. 7 that acts as a1039

cut-off in the denominator of the assignment probabilities (Eqn. 8). Tracks that are more than1040

µ standard deviations away from the nearest vertex are down-weighted and the algorithm1041

becomes a one-dimensional robust adaptive multi-vertex fit [36]. The default value for the1042

cut-off is µ = 4.1043

Outliers tend to create false vertices when other tracks, typically with lower resolution, are1044

near. To reduce the rate of false vertices, prototypes are dismissed if less than two of their tracks1045

are incompatible with other vertices. The tracks involved are not removed but re-assigned by1046

again minimizing F, now in the presence of outlier rejection. At T = 1 tracks are assigned to1047

the vertex candidate for which they have the highest assignment probability, if it is greater than1048

0.5.1049

Vertex candidates containing at least two tracks are then fitted with an ‘adaptive vertex fitter’
[37] to compute the best estimate of vertex parameters, including the position and covariance

Weight definiton

0.0<|eta|<0.9 barrel
0.9<|eta|<1.4 transition 
1.4<|eta|<2.5 endcap
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Backup

Particle Flow: a reduced 
number of steps is run and the 
pT cuts on tracks are 
tightened. Use of isolation 
improves dramatically tau turn 
on curves.

3. PARTICLE RECONSTRUCTION AND EVENT SIMULATION AT

CMS

Figure 3.1: The particles are seen in the detector as tracks and energy deposits (left).

The PF algorithm links all the information coming from the different subdetectors to

reconstruct and identify all the particles coming from the pp collisions (right).

The algorithm consists of three steps. First “cluster seeds” are identified as local

calorimeter-cell energy maxima above a given energy. Second, “topological clusters”

are grown from the seeds by aggregating cells with at least one side in common with

a cell already in the cluster, and with an energy in excess of a given threshold. These

thresholds are at two standard deviations of the electronics noise in the ECAL (i.e. 80

MeV in the barrel and up to 300 MeV in the end-caps) and amount to 800 MeV in the

HCAL. A topological cluster gives rise to as many “particle-flow clusters” as seeds. The

calorimeter granularity is exploited by sharing the energy of each cell among all particle-

flow clusters according to the cell-cluster distance, with an iterative determination of

the cluster energies and positions.

42
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Backup

Double sided modules

Transition region

collision rate
Figura 2.11: In figura il sistema di riferimento locale di un modulo rettangolare: a

sinistra un modulo mono, a destra uno stereo.

dei Digi che compongono il Cluster, pesato con la carica. Nel caso dei rivelatori a

singola faccia la coordinata misurata con maggior precisione è quella perpendicolare

alla direzione delle strip, mentre la posizione lungo y viene assunta uguale a zero,

cioè al centro della strip. Nel caso dei sensori a doppia faccia invece il calcolo della

posizione procede nel seguente modo: viene definito un modulo virtuale, detto glued,

posto tra il modulo mono e quello stereo; i Cluster del rivelatore vengono proiettati

su questo modulo virtuale, seguendo l’inclinazione della traccia, inizialmente suppo-

sta rettilinea e avente origine nel centro di interazione; infine vengono calcolate le

coordinate dei punti dell’intersezione e i relativi errori. Se le coordinate di questo

punto cadono all’interno del modulo, oppure entro 3 deviazioni standard dal bordo,

questo viene considerato valido ed è memorizzato come RecHit glued.

In presenza di un campo magnetico viene inoltre e!ettuata una correzione sulla

posizione del RecHit che tiene conto della deviazione dei portatori di carica nel

rivelatore a causa della forza di Lorentz.

Le coordinate dei RecHit e le relative incertezze sono poi trasformate in coordi-

nate espresse nel sistema di riferimento globale di CMS attraverso le informazioni

sulla geometria contenute nel database. In questo modo possono essere usate per la

ricostruzione delle tracce.

54
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Backup

0.0<|eta|<0.9 barrel
0.9<|eta|<1.4 transition 
1.4<|eta|<2.5 endcap
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