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Reconstruction Challenge in CBM

(2) Detection

« 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. Silicon Vertex

A simplified CBM detector setup




Reconstruction Challenge in CBM

(2) Detection
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Many-Core CPU/GPU Architectures
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gl;ny Integrated Cores architecture announced at ISC10 (June 2@10) . General purpose RISC processor (PowerPC)

sed on the x86 architecture * 8 co-processors (SPE, Synergistic Processor Elements)
. Mam/ cores + 4-way multithreaded + 512-bit wide vector unlt/ * 128-bit wide SIMD units

Future systems are heterogeneous. Fundamental redesign of traditional approaches to data processing is necessary



1 Cellular Automaton (CA) Track Finder
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Cellular Automaton:
* local w.r.t. data
* intrinsically parallel

3. Track Candidates

* extremely simple

4. Tracks

* very fast

Deeply appropriate for many-core CPU/GPU
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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.

4. Tracks (CBM)

1000 Tracks

Useful for complicated event topologies with heavy combinatorics




1 Cellular Automaton (CA) Track Finder
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Fast and efficient track finder
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(2) Kalman Filter (KF) based Track Fit

Estimation of the track parameters at one or more hits along the track — Kalman Filter (KF)

3 .
q Q Correction ) ( Detector layers )
' m— | I [ [ [ i [
Initialization )

(r, C)

( Precision ) @ Prediction ) [ r — Track parameters ]

C — Covariance matrix

KF Block-diagram 1 Initial estimates State vector Position, direction and momentum ’
for rpand ¢

r={xVY, 2z py Py P, }

Filtering step Kalman Filter:

1. Start with an arbitrary initialization.

2. Add one hit after another.

3. Improve the state vector.

State estimate  I'n 4. Get the optimal parameters after the last hit.
Error covariance C,

KF as a recursive least sauares method Nowadays the Kalman Filter is used in almost all HEP experiments




g Kalman Filter (KF) Track Fit
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» Precise estimation of the parameters of particle trajectories is the core of the reconstruction procedure.

+ 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.

» Assingle compute node is enough to estimate parameters of all particles produced at the maximum 107 interaction rate!

The fastest implementation of the Kalman filter in the world



Efficiency, %

CBM

CA Track Finder at High Track Multiplicity

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



3 Time-based (4D) Track Reconstruction

Events

X LW

The beam in the CBM will have no bunch structure, but continuous.

~ Measurements in this case will be 4D (x, vy, z, t).

|
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V" ‘ « Reconstruction of time slices rather than events is needed.
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Total CA time = 849 ms 100 mbias events in a time-slice

The reconstruction time 8.2 ms/event in 3D is recovered in 4D case as well



~_ Hits at high input rates i .

Entries

4D Event Building at 10 MHz
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From hits to tracks to events
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Reconstructed tracks clearly represent groups, which correspond to the original events
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4 KF Particle: Reconstruction of short-lived Particles
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Features:

+ KF Particle class describes particles by the state vector
and the covariance matrix.

e —

Simulated AuAu collision at 25 AGeV

AN « Covariance matrix contains essential information about

tracking and detector performance.

O+t<«— A K+ « The method for mathematically correct usage of
T__ covariance matrices is provided by the KF Particle
p T+ package based on the Kalman filter (KF).
* Heavy mathematics of KF requires fast and vectorised
, i i algorithms.
KFParticle Lambda(P, Pi); /I construct anti Lambda
Lambda.SetMassConstraint(1.1157); // improve momentum and mass * Mother and daughter particles are treated in the same
KFParticle Omega(K, Lambda); /I construct anti Omega way.
PV -= (P; Pi; K); / clean the primary vertex « The natural and simple interface allows two reconstruct
PV += Omega; /I add Omega to the primary vertex easily complicated decay chains.
Omega.SetProductionVertex(PV); // Omega is fully fitted - The package is geometrically independent and can be
(K; Lambda).SetProductionVertex(Omega); // K, Lambda are fully fitted adapted to different experiments (CBM, ALICE, STAR).
(P; Pi).SetProductionVertex(Lambda); Il p, pi are fully fitted

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



4 KF Particle Finder for Physics Analysis and Selection
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KF Particle Finder for Physics Analysis and Selection
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4 Very Clean Probes of Collision Stages
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5 Inverse Approach in Real-Time Physics Analysis

Database file: |D:/ THERMUS23/Database.dat [Load database...|

| Thermal model | Fit to experiment | Energy dependence | Contour plots | Event generator

Model:
@® Ideal HRG O EV-HRG O CE-HRG () S-CE-HRG () C-CE-HRG

Particle list:

Name PDGID Mass Multiplicity ~ Variance Scaled variance Skewness  Kurtosis )
pi0 111 0,13498 221.057 + 0.206 212.365 + 4.303 0.961 £ 0.019  1.327 £ 0.815 11.300  39.865 Statistics:
pi+ 211 0,13957 189.489 + 0.199 197434 £3.973 1.042 £0.021  0.363 + 0.771 4.900 & 36.057 ® Boltzmann O Quantum

O e P e e P
K

0,49368 40.264 £ 0.090 40.691+0.828 1.011+0.021  0.979 + 0.363 2.927 + 7.885

Hadron radius (fm): 0,30+

©m N o s W
=

321 0,49368 13.517 £0.052 13.273+0.270 0.982+0.020  0.954 + 0.209 0.963 + 2.616 Thermal model parameters:
Kos 310 0,49767 27011 + 0.074 27174+ 0.534 1.006+0.020  0.820 + 0.279 -1.912 + 4.843 T(MeV): 125,00 3| pg (MeV): 450,00 3] ys: 1,00 3]
KoL 130 0,49767 26.904 + 0.074 27501 + 0554 1.022+0.021  1.181 +0.294 0.787 £ 5.221 R(fm): 10,00 3| Q/Bratio: 0,400 3|
P 212 0,93827 133.110  0.163 132.400 + 2.552 0.995 £ 0019 0.990 + 0.588 -18.981 + 21.716
pbar 2212 0,938270.122+0.005 0126+0.006 1028+0065 1058 +0.106 1181 +0.242 Momentum spectrum:
100 2112 0,93956 145.135 2 0.169 142.506 + 2.925 0982 £0.020  0.925  0.707 15.168  30.243 Osi ®
11 nbar 2112 0,93956 0.112 £ 0.005  0.113£0.005 1.009 +0.064  1.014 + 0.095 1.026 + 0.194 . B 0,500 2 Br 05008 new: 1,000 3]
Finite resonance width (] Renormalize branching ratios
Distribution: |d2N/dydpt ~ [ Perform decays
[118  Events: [s000 E]

5o | Calculate

Generated 5000 events.
Calculation time = 11782 ms

120

%
Generated 5000 events.
Calculation time = 10113 ms
60 Per event = 2.0226 ms.
30
4
)

© 2014-2015 Volodymyr Vovchenko
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A package to estimate the medium parameters is implemented



6 Efficient Parallelization in Event Reconstruction

CPU - Full reconstruction

l('/ CPU - Tracking ) \

Algorithm SIMD ITBB, OpenMP CUDA OpenCL CPU/GPU Phi ArBB

Hit Producers - All - Benchmark

STS KF Track Fit ( q
STS CA Track Finder

v viv v v
1 -

MuCh Track Finder
TRD Track Finder

RICH Ring Finder Y, v/vGPU/Phi - Selection

(o )

Y ANRNIE RN AN

KF Particle Finder

Off-line Physics Analysis

4 |
UENEN AR VE SR N

FLES Analysis and Selection l e
. > 4

Andrzej Nowak (OpenLab, CERN) by Hans von der Schmitt (ATLAS) at GPU Workshop, DESY, 15-16 April 2013

MAX 4 4 1.35 8 4 691.2 100.0%
Typical 2.5 1.43 1.25 8 2 71.5 10.3%
HEP 1 0.80 1 6 2 9.6 1.4%
CBM@FAIR 4 3 1.3 8 4 499.2 72.2%
x Algorithm

x Lo Parallelization becomes a standard in the CBM experiment



Running FLES on HPC Node/Farm
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CBM -> STAR: Reconstruction and Analysis Software
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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.
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v 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 DO and 20% more W.
v The KF particle finder provides a factor 2 more signal particles than the standard approach in STAR. The integration of the KF

particle finder into the official STAR repository for use in physics analysis is currently in progress.

Preparing for the real-time express physics analysis during the BES-II runs (2019-2020)
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1. The next generation of HEP and HI experiments with very high input rates will require the full reconstruction and physics
analysis of the experimental data in real time.

2. Errors and insufficient accuracy in online data processing, physics analysis or selection of interesting collisions will lead to
complete loss of all data, since only the (incorrectly) selected data will be stored in this case.

3. This requires to redesign all offline algorithms for their fast and reliable online operation, as it is already partially done on some
of HPC High-Level Trigger farms, like in ALICE (CERN, Switzerland) and STAR (BNL, US).

4. The Cellular Automaton for searching for particle trajectories and the Kalman Filter to estimate their parameters have a high
level of intrinsic parallelism for their efficient implementation on modern and future many-core HPC architectures.



