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Reconstruction Challenge in CBM

!2Ivan Kisel, Uni-Frankfurt, FIAS, GSI

Full event reconstruction and physics analysis will be done by 
the First-Level Event Selection (FLES) package: 

• Cellular Automaton (CA) Track Finder 
• Kalman Filter (KF) Track Fitter 
• KF short-lived Particle Finder 

All reconstruction algorithms are vectorized and parallelized.
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Prof. Dr. Ivan Kisel, Uni-Frankfurt, FIAS, GSI CBM Retreat, 24.06.2017      /2 
 

First Level Event Selection (FLES) Package

2

CA Track Finder

KF Track Fit

Event Builder

KF Particle Finder

Physics Analysis

Event Selection

FLES

OutputMonte-Carlo

Histograms

Efficiency

InputGeometry Measurements

• CBM - Compressed Baryonic Matter 
• Future fixed-target heavy-ion experiment at FAIR 
• Explore the phase diagram at high net-baryon densities 
• 107 Au+Au collisions/sec 
• ~ 1000 charged particles/collision 
• Non-homogeneous magnetic field 
• Double-sided strip detectors 
• 4D reconstruction of time slices.

Event reconstruction will be done on-line and off-line using the same FLES reconstruction package
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Cellular Automaton (CA) Track Finder
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Cellular Automaton: 

1. Build short track segments. 
2. Connect them according to the track model, 
    estimate their location in a track. 
3. Tree structures appear, 
    collect segments into track candidates. 
4. Select the best track candidates.

Useful for complicated event topologies with heavy combinatorics

    Cellular Automaton: 

• strongly coupled to the detector system as its extension   
• intended for detection of particle trajectories 
• expands elementary measurements over 2-3 detectors 
• works with misaligned or faulty detector systems 
• useful for investigation of the detector performance 
• gradual accumulation and extraction of information 
• decision can be taken at any stage  
• many sources of intrinsic parallelism 
• appropriate for many-core CPU/GPU  
• very simple algorithm

D
etection

Re-construction
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Cellular Automaton (CA) Track Finder
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Top view Front view

Fast and efficient track finder (100 µs/core/track)

102 CHAPTER 4. RECONSTRUCTION OF PARTICLES TRAJECTORIES
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Figure 4.25: Track reconstruction e�ciency as a func-

tion of track momentum after the search for tracks with

missing hits due to detector ine�ciency.

Track category E↵, %

All tracks 90.9

Primary high-p 97.5

Primary low-p 92.6

Secondary high-p 91.1

Secondary low-p 63.8

Clone level 0.4

Ghost level 5.9

MC tracks found 134

Time, ms/ev 10

Table 4.5: Track finder

performance after the search

for tracks with missing hits

due to detector ine�ciency.

Figure 4.20: Track reconstruction e�ciency as a function of track momentum and track

finder performance after merging clones.

presented in the table in Fig. 4.20. The clone level has decreased in more than

two times from 1.0% to 0.4% after switching the merger option on.

The results of the CBM CA track finding performance test for the minimum

bias (random value of impact parameter) and central events (zero impact param-

eter) at 25A GeV are summarized in the table in Fig. 4.20.

The majority of signal tracks (decay products of D-mesons, charmonium, light

vector mesons) are particles with momentum higher than 1 GeV/c originating

from the region very close to the collision point. Their reconstruction e�ciency is,

therefore, similar to the e�ciency of high-momentum primary tracks that is equal

to 97.5%. The high-momentum secondary particles, e.g. in decays of K0
s and ⇤

particles and cascade decays of ⌅ and ⌦, are created far from the primary vertex,

therefore their reconstruction e�ciency is lower – 91.1%. Significant multiple

scattering of low-momentum tracks in the material of the detector system and

large curvature of their trajectories lead to lower reconstruction e�ciencies of

92.6% for primary tracks and of 63.8% for secondary low-momentum tracks. The

total e�ciency for all tracks is 90.9% with a large fraction of low-momentum

secondary tracks. The levels of clones and of ghost tracks are 0.4% and 5.9%

respectively.

The behavior of the CA track finder in the case of higher track multiplicity

770 Tracks
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Kalman Filter (KF) based Track Fit
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Track fit: Estimation of the track parameters at one or more hits along the track – Kalman Filter (KF)

r = { x, y, z, px, py, pz } 

Position, direction and momentumState vector

Nowadays the Kalman Filter is used in almost all HEP experiments

Kalman Filter:  

1. Start with an arbitrary initialization. 
2. Add one hit after another.  
3. Improve the state vector.  
4. Get the optimal parameters after the last hit.

KF Block-diagram 

KF as a recursive least squares method

1

2 3

Detector layersHits

π
(r, C)

r  – Track parameters 
C – Covariance matrix

Initialization

Prediction
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Precision 2
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Kalman Filter (KF) Track Fit

The fastest implementation of the Kalman filter in the world (0.5 µs/core/track)
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• Fast and precise estimation of the parameters of particle trajectories is the core of the reconstruction procedure in CBM. 
• The KF track fitting algorithm is implemented as a single code for all CPU/GPU platforms.  
• Scalability with respect to the number of logical cores in a CPU is one of the most important parameters of the algorithm. 
• The scalability on the Intel Xeon Phi coprocessor is similar to the CPU, but running four threads per core instead of two. 
• In case of the graphics cards the set of tasks is divided into working groups of size local item size and distributed among compute units 

(or streaming multiprocessors) and the load of each compute unit is of the particular importance. 
• The track fit performance on a single node: 2*CPU+2*GPU = 109 tracks/s = (100 tracks/event)* 107 events/s = 107 events/s. 
• A single compute node is sufficient to estimate parameters of all particles produced in CBM at the maximum 107 interaction rate!
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CA Track Finder at High Track Multiplicity
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100 mbias events, <Nreco> = 103405 mbias events, <Nreco> = 572

Reliable reconstruction efficiency and time as a second order polynomial w.r.t. to the track multiplicity

1 mbias event, <Nreco> = 109

A number of minimum bias events is gathered into a group (super-event), which is then treated by the CA track finder as a single event.

T = a·N2MC + b·NMC + c
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4D Event Building at 10 MHz

Reconstructed tracks clearly represent groups, which correspond to the original events

(1) Hits 10 MHz (2) Tracks (3) Events

From hits to tracks to events

Hits 0.1 MHz Hits 1 MHz Hits 10 MHz

Hits at high input rates
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KF Particle: Reconstruction of short-lived Particles
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KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KF Particle provides a simple and very efficient approach to physics analysis

Features: 
• KF Particle class describes particles by the state vector and the covariance matrix. 

• Covariance matrix contains essential information about tracking and detector performance. 

• The method for mathematically correct usage of covariance matrices is provided by the  
KF Particle package based on the Kalman filter (KF). 

• Heavy mathematics of KF requires fast and vectorised algorithms. 

• Mother and daughter particles are treated in the same way. 

• The natural and simple interface allows to reconstruct easily complicated decay chains. 

• The package is geometrically independent and can be adapted to other experiments  
(CBM, PANDA, ALICE, STAR, …).

Ω̅+        Λ̅ K+

p̅ π+

Simulated AuAu collision at 25 AGeV

π+

Κ+

p

Ω+ Λ

/1820 July 2018 STAR Collaboration Meeting

1. KFParticle class describes particles by: 

2. Covariance matrix contains essential information 
about tracking and detector performance. 

3. The method for mathematically correct usage of 
covariance matrices is provided by the KF Particle 
package based on the Kalman filter (KF) developed by 
FIAS group1,2  primarily for CBM and ALICE. 

4. Heavy mathematics requires fast and vectorized 
algorithms. 

5. Mother and daughter particles are KFParticle and 
are treated in the same way. 

6. The natural and simple interface allows to 
reconstruct easily rather complicated decay chains. 

7. The package is geometry independent  and can be 
easily adapted to different experiments.

Concept of KF Particle in CBM

2
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V. Akishina, I. Kisel, Uni-Frankfurt, FIAS MMCP 2017, Dubna, 07.07.2017      /16 
 

KFParticle: Reconstruction of Vertices and Decayed Particles

Concept: 
• Mother and daughter particles have the same state 

vector and are treated in the same way 
• Reconstruction of decay chains 
• Kalman filter based 
• Geometry independent 
• Vectorized 
• Uncomplicated usage

11

3

KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KFParticle provides uncomplicated approach to physics analysis (used in CBM, ALICE and STAR)

r = { x, y, z, px, py, pz, E } 

Position, direction, momentum 
and energyState vector

Functionality: 
• Construction of short-lived particles 
• Addition and subtraction of particles 
• Transport 
• Calculation of an angle between particles 
• Calculation of distances and deviations 
• Constraints on mass, production point and decay length 
• KF Particle Finder
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Simulated AuAu collision at 25 AGeV
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1. KF Particle — S. Gorbunov, “On-line reconstruction algorithms for the CBM and ALICE experiments,” Dissertation thesis, Goethe University of Frankfurt, 2012, 
http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/29538 
2. KF Particle Finder — M. Zyzak, “Online selection of short-lived particles on many-core computer architectures in the CBM experiment at FAIR,” Dissertation 
thesis, Goethe University of Frankfurt, 2016, http://publikationen.ub.uni-frankfurt.de/frontdoor/index/index/docId/41428

State vector

Covariance matrix

r = { x, y, z, px, py, pz, E }

C = <rrT > =

2

6666666666664

s2
x Cxy Cxz Cxpx Cxpy Cxpz CxE

Cxy s2
y Cyz Cypx Cypy Cypz CyE

Cxz Cyz s2
z Czpx Czpy Czpz CzE

Cxpx Cypx Czpx s2
px Cpx py Cpx pz CpxE

Cxpy Cypy Czpy Cpx py s2
py Cpy pz CpyE

Cxpz Cypz Czpz Cpx pz Cpy pz s2
pz CpyE

CxE CyE CzE CpxE CpyE CpzE s2
E

3

7777777777775



Dileptons

Charmonium 
J/ψ → e+ e- 

J/ψ  → µ+ µ- 
Low mass 

vector mesons 
ρ  → e+ e- 

ρ  → µ+ µ- 

ω  → e+ e- 

ω  → µ+ µ- 

ϕ → e+ e- 

ϕ → µ+ µ-

Gamma 
γ  → e+ e- 

Gamma-decays 
π0  → γ γ 
η → γ γ

Charged particles: e±, µ±, π±, K±, p±, d±, 3He±, 4He±

Open-charm

Open-charm 
resonances 

D*0  → D+ π- 

D̅*0  → D- π+ 

D*+  → D0 π+  

D*-  → D̅0 π-

Open-charm 
particles 

D0 → K- π+ 
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Λc
+ → p K0s π+ π- 

Λc
+ → Λ π+ 

Λc
+ → Λ π+ π+ π- 

+ antiparticles

Hypermatter

Heavy multi-
strange objects 

{ΛΛ} → Λ p π- 

{Ξ0Λ} → Λ Λ

Hypernuclei 
{Λn} → d+ π- 

{Λ̅n̅} → d- π+ 

{Λnn} → t+ π- 

{Λ̅n̅n̅} → t- π+ 

3ΛH → 3He π- 

3ΛH̅ → 3He π+ 

4ΛH → 4He π- 

4ΛH̅ → 4He π+ 

4ΛHe → 3He p π- 

4ΛHe → 3He p̅ π+ 

5ΛHe → 4He p π- 

5ΛHe → 4He p̅ π+

Strange particles

K*+ → K+ π0 
K*- → K- π0 
K*0 → K0 π0 
Σ*0 → Λ π0 
Σ̅*0 → Λ̅ π0 

Ξ*- → Ξ- π0 

Ξ̅*+ → Ξ̅+ π0

Ξ*0  → Ξ- π+  

Ξ̅*0  → Ξ̅+ π- 

Ω*-  → Ξ- K- π+  
Ω̅*+  → Ξ̅+ K+ π- 

K*+ → K0
s π+ 

K*-  → K0
s π- 

Σ*+  → Λ π+ 

Σ̅*-  → Λ̅ π- 

Σ*-  → Λ π- 

Σ̅*+  → Λ̅ π+ 

Ξ*-  → Λ K- 

Ξ̅*+  → Λ̅ K+

K*0  → K+ π- 

K̅*0  → K- π+ 

ϕ  → K+ K- 

Λ*  → p K- 

Λ̅*  → p̅ K+

K0
s → π+ π- 

K+
 → µ+ νµ 

K-
 → µ- ν̅µ 

K+
 → π+ π0 

K-
 → π- π0 

Λ  → p π- 

Λ̅ → p̅ π+ 

Σ+
 → p π0 

Σ̅-
 → p̅ π0 

Σ+
 → n π+ 

Σ̅-
 → n̅ π- 

Σ-
 → n π- 

Σ̅+
 → n̅ π+

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+ 

Ξ-  → Λ π- 

Ξ̅+ → Λ̅ π+ 

Ω-  → Λ K- 

Ω̅+ → Λ̅ K+ 

Ω-  → Λ K- 

Ω̅+ → Λ̅ K+ 

Ω-  → Ξ0 π- 

Ω̅+ → Ξ̅0 π+

Σ+ → p π0 
Σ̅- → p̅ π0 
Σ0 → Λ γ 
Σ̅0 → Λ̅ γ 
Ξ0 → Λ π0 

Ξ̅0 → Λ̅ π0

Strange resonances
Double-Λ 

hypernuclei 
4ΛΛH → 4ΛHe π- 

4ΛΛH → 3ΛH p π- 

5ΛΛH → 5ΛHe π- 

6ΛΛHe → 5ΛHe p π+

π+ → µ+ νµ 

π- → µ- ν̅µ 

ρ → π+ π- 

Δ0  → p π- 

Δ̅0  → p̅ π+ 

Δ++  → p π+ 

Δ̅--  → p̅ π-

Neutral particles: νµ, ν̅µ, π0, n, n̅, Λ, Λ̅, Ξ0, Ξ̅0

Light mesons 
and baryons
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KF Particle Finder for Physics Analysis and Selection
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The KF Particle Finder package has implemented more than 150 decay channels
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KF Particle Finder for Physics Analysis and Selection
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Physics coverage
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All main physics observables are covered by the CBM reconstruction !11

A common platform for offline physics analysis and for real-time express analysis (100 µs/core/decay)
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Very Clean Probes of Collision Stages

Ivan Kisel, Uni-Frankfurt, FIAS, GSI
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Messengers from the dense fireball: 
CBM at SIS100  

 

UrQMD transport calculation  Au+Au 10.7 A GeV 

Ξ-, Ω-, φ 

e+e-, μ+μ- 

p, Λ, Ξ+, Ω+, J/ψ π, K, Λ, ... 

resonance decays 
e+e-, μ+μ- e+e-, μ+μ- 

The measurement of very low production rates  
requires extremely high reaction rates ! 

ε = 66.1%

ε = 63.5%

ε = 44.4%ε = 57.0%

ε = 47.6% ε = 44.2%

!12

Clean reconstruction of short-lived particles produced at different stages of heavy-ion collisions
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Running FLES on HPC Node/Farm

Ivan Kisel, Uni-Frankfurt, FIAS, GSI

The FLES package is vectorized, parallelized, portable and scalable: 2.2×105 events/s on 3 200 CPU cores
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AMD Opteron 6272,  2.1 GHz

2.2×105 events/s

FRRC, ITEP, Moscow

!13



IEEE NSS-MIC 2018, Sydney, 13.11.2018      /15 

CBM -> STAR: Reconstruction and Analysis Software

!14Ivan Kisel, Uni-Frankfurt, FIAS, GSI
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Within the FAIR Phase-0 program the CBM KF Particle Finder has been adapted to STAR and applied to real data of 2014, 2016 and BES-I.

Prof. Dr. Ivan Kisel, Uni-Frankfurt, FIAS FIAS, 24.04.2017      /20 
 

KFParticle: Reconstruction of Vertices and Decayed Particles

Concept: 
• Mother and daughter particles have the same state 

vector and are treated in the same way 
• Reconstruction of decay chains 
• Kalman filter based 
• Geometry independent 
• Vectorized 
• Uncomplicated usage

11

3

KFParticle Lambda(P, Pi);                               // construct anti Lambda 
Lambda.SetMassConstraint(1.1157);              // improve momentum and mass 
KFParticle Omega(K, Lambda);                      // construct anti Omega 
PV -= (P; Pi; K);                                               // clean the primary vertex 
PV += Omega;                                                // add Omega to the primary vertex 
Omega.SetProductionVertex(PV);                  // Omega is fully fitted 
(K; Lambda).SetProductionVertex(Omega);   // K, Lambda are fully fitted 
(P; Pi).SetProductionVertex(Lambda);            // p, pi are fully fitted

KFParticle provides uncomplicated approach to physics analysis (used in CBM, ALICE and STAR)

r = { x, y, z, px, py, pz, E } 

Position, direction, momentum 
and energyState vector

Functionality: 
• Construction of short-lived particles 
• Addition and subtraction of particles 
• Transport 
• Calculation of an angle between particles 
• Calculation of distances and deviations 
• Constraints on mass, production point and decay length 
• KF Particle Finder

Ω̅+        Λ̅ K+

p̅ π+

Simulated AuAu collision at 25 AGeV
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CBM, 5M central Au+Au, 10 AGeV, PHSD STAR, 1.3M mbias Au+Au, 200 AGeV, Run 2016

Preparing for the real-time express physics analysis during the BES-II runs (2019-2020)

✓ Since 2013 (online) and 2016 (offline) the CA track finder is the standard STAR track finder for data production. Use of CA provides 25% more D0 and 20% 
more W with respect to the traditional track following approach. 

✓ The KF particle finder provides a factor 2 more signal particles due to the use of covariance matrices. The integration of the KF particle finder into the official 
STAR repository for physics analysis is currently in progress.



IEEE NSS-MIC 2018, Sydney, 13.11.2018      /15 

Conclusion

!15Ivan Kisel, Uni-Frankfurt, FIAS, GSI
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First Level Event Selection (FLES) Package

2

CA Track Finder

KF Track Fit

Event Builder

KF Particle Finder

Physics Analysis

Event Selection

FLES

OutputMonte-Carlo

Histograms

Efficiency

InputGeometry Measurements
CBM (FAIR)

π+

Κ+

p

Ω+ Λ

1. The CBM experiment with 107 input rate will require the full event reconstruction and physics analysis of the experimental data online. As the same HPC farm will be used 
for offline and online processing of experimental data, the main reconstruction and analysis algorithms will work both offline and online. Errors and insufficient accuracy in 
online data processing, physics analysis or selection of interesting collisions by these algorithms will lead to complete loss of all experimental data, since only the incorrectly 
selected data will be stored in this case. 

2. Hence the need to redesign the existing offline algorithms for their efficient, fast and reliable online operation, and to adapt them for use of vector (SIMD) registers as well 
as for their work in the parallel mode on many-core CPU and GPU architectures. 

3. We have demonstrated, that the core algorithms of the FLES package, the Cellular Automaton for searching for particle trajectories (100 µs/core/track) and the Kalman 
Filter to estimate their parameters (0.5 µs/core/track), have a very high level of intrinsic parallelism for their fast and efficient implementation on many-core CPU/GPU 
architectures.  

4. The KF Particle Finder package with more than 150 decay channels implemented (100 µs/core/decay) is a common platform for offline physics analysis and for real-time 
express analysis at 107 interaction rate in CBM.  

5. Adaptation of the FLES algorithms within the CBM Phase-0 program to the STAR experiment with its excellent detector performance, high quality experimental data and a 
well established reconstruction chain is the first and successful step in preparing the FLES algorithms for reconstruction and analysis of CBM real data at Day-1.


