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|. Setting the Stage

Heavy-lon Collisions and the CBM Experiment
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Matter at extreme conditions

early universe -,

535
heating

neutron stars
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Strongly Interacting Matter

To understand matter, one needs to know
 The basic constituents: quarks and gluons

* The force between them: strong interaction
— The theory of the strong interaction is QCD
— Which is unfortunately in general not calculable

as(E)

Properties of the strong interaction in vacuum: 05

«  Asymptotic freedom: the interaction is weak at small distances |
(large energies)

« Confinement: in vacuum, quarks are bound into hadrons; no o1

0.3

free colour charges

Chiral symmetry breaking: compound objects (hadrons) are
much heavier than the sum of their constituents

Driving question: do these properties change with temperature
and/or density?



Matter at extreme conditions

5555
heating

We expect at high
enough temperature
and / or density:

* Breakdown of
confinement (quark-
gluon plasma)

* Restoration of chiral
symmetry
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Theoretical Access

Perturbation Theory

— only possible for large momentum transfer (some
observables)

Lattice QCD: statistical sampling of QCD on a
discrete space-time grid
— Restricted to small densities

Effective QCD models: simplified Lagrangian

— Tuned to LQCD; hope that behaves like real QCD where
LQCD not applicable



The Phase Diagram of QCD Matter

Possibly a very complex structure!

Temperature T [MeV]

< Landmarks:
. Cross-over at low densities,
. first-order (?) transition at
high densities,
100 . both separated by a critical
point.
. Chiral transition /
| : quarkyonic matter ?
' vl on stars . Exotic phases at extreme
o ] : ' densities
o Compact Stars g Net baryon'density n/ n,
n,=0.16 fm=3
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Experimental Access

In high-energy collisions of heavy nuclei, matter at high energy
densities (hot and dense) is created — for a very short time and in a
very limited volume.

Control parameters:
« Collision energy
« System size (ion species / collision centrality)



Exploring the QCD Phase Diagram

Nuclear collisions at high energies (LHC, RHIC):

— Incoming nucleons leave the reaction zone (transparency) after
depositing a part of their kinetic energy

— No baryon number transfer to the fireball

— Produce a medium with high temperature and vanishing net-
baryon density

At lower energies (SPS, FAIR, NICA):

— A part (or all) of the baryon number is transferred into the fireball
(stopping)

— Create a medium with moderate temperature but high net-baryon
density

Variation of the collision energy, allows to study different

parts of the phase diagram



Exploring the QCD Phase Diagram
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Key questions:

Is there a critical point, and if yes, where?

Where is deconfinement first reached?

* Isthere afirst-order phase transition?

* |sthere a difference between chiral and deconfinement transition?

o j
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Facilities for Baryon-Rich Matter

NICA (JINR, Russia)
under construction
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The FAIR Project

Nuclear Structure & Astrophysics
(Rare-isotope beams)

Hadron Physics
(Stored and cooled
14 GeV/c anti-protons)

> N

QCD-Phase Diagram
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FAIR Accelerator Complex and CBM
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CBM: Experiment Systems

Dipole magnet +
Silicon Tracking System

Muon System
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CBM in the experimental landscape
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Unigueness of CBM: very
high rate capability

Comes with huge

challenges in terms of:

* Speed and radiation
hardness of detectors
and read-out
electronics

e Data processing on- and
offline
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II. CBM Physics

(parforce, not exhaustive)



The Experimental Task

The Hope:

Learn from the multitude of emitted particles
(final state) about the state of the matter
immediately after the collision (early state)

The Task:

Detect the final-state particles as completely as

possible and characterise them w.r.t. momentum
and identity (m, K. p, ...)
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Observables

K x, AN

/

equilibrated medium
prompt Y

thermal y resonance
decays

Different probes give access to various stages of the collision



Strangeness is interesting

No strangeness in entrance channel (nucleons): strangeness is produced

in the reaction

Hadronic production (e. g. p+p -> KAp): m, = 500 MeV >> T,
Partonic production (e.g. g + g -> s sbar): m, = 100 MeV <=T,

/v

[]6 -

04 p------Ffrmo oo

. Ry

|
-7l

- T _21* = s _23_.] 4 Lliy -

Koch, Miller, Rafelski, Phys. Rep. 142 (1986) 167

Relaxation of s-Quarks ina QGP
within few fm/c = lifetime of the
fireball

Expectation: More
strangeness production in
A+A relative to p+p, if QGP
was formed

»otrangeness enhancement”



Multi-Strange Hyperons
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A long-lasting debate: pure hadronic description or signal of drastic change in matter properties?
Data on multi-strange baryons will be decisive!
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Strange Anti-Baryons
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Microscopic models (including partonic production) predict the anti-hyperons to
be very sensitive to partonic production mechanisms (hyperons much less)
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CBM Physics: Hyper-Matter

In heavy-ion collisions: produced through capture of A in light nuclei

A. Andronic et al., PLB 697 (2011) 203 S. Zhang et al., PLB 684 (2010) 224
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Transport: sensitive to medium properties
(correlation of strangeness and baryon

number)
TDHEP I, Puebla, 31 January 2018 Volker Friese 24

Thermal model: maximum production
at CBM energies



Fluctuations

Should signal the critical point...
M. Lorentz, QM 2017
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Vector Mesons and the Generation of Mass

 Hadrons are expected to change their properties (mass / width) in
presence of dense medium

— vanishing of chiral condensate; restoration of chiral symmetry (?)

 Experimental access: short-lived vector mesons (p)
— decay inside the fireball -> retain information on dense environment
— decay into lepton pairs: no strong interaction, carry information out of the medium

R. Rapp and J. Wambach, Act. Nucl. Phys. 28 (2000) 1
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CBM Physics: Lepton Pairs

Emitted throughout the lifetime of the fireball: probe its space-time evolution

Low mass (< 1 GeV): in-medium properties of rho meson; excess yield (over
vacuum hadronic cocktail) is sensitive to the lifetime of the system

Intermediate mass (1 — 2.5 GeV): no hadronic sources; measure directly the
temperature of the fireball.
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CBM Physics: Lepton Pairs

No di-lepton data exist between HADES and NA60!

CBM will provide di-lepton mass spectra and measure the caloric curve in the
FAIR energy range. Interpretation almost model-independent!
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Charm
Important (if not decisive) probe of the created medium
— that holds at all energies!

Fraction of charm hadronising in J/psi is sensitive to the
medium properties (e.g. suppression in QGP)

Particular at lower energies (below top SPS):

— N_gpar << 1->no regeneration, “clean” probe

— Softer J/psi, longer-lived fireball: charm has a chance to see the
medium

Proper interpretation of data requires the measurement of
both open and hidden charm

— Important part of the CBM physics programme



Charm in Heavy-lon Collisions

* Unlike lighter quarks, m_>>T
— thermal production of charm negligible
— production of charm in first-chance N-N collisions

— charm probes the produced medium

e ¢ quark diffusion in QGP

* D meson /J/Y propagation in hadronic medium
0 05 5 10
| | t [fm/c] |

* initial cond.
(shadowing, < c-quark diffusion
Cronin), in QGP liquid * c-quark
pre-equil. fields hadronization

* D-meson
diffusion in
hadron liquid

courtesy R. Rapp
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Open Charm Below Threshold

J. Steinheimer et al., PRC 95 (2017) 014911
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Sub-threshold production through heavy baryonic resonances:
N* > A +D and N* -5 N+J/Y
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CBM Physics Programme

* Along menu of observables from strange hadrons over
lepton pairs to charmed hadrons

* For more exhaustive information:

Hadrons and Nuclei

LECTURE NOTES IN PHYSICS 814

The CBM Physics
Book

Compressed Baryonic Matter in
Laboratory Experiments

@ Springer
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l1l. Online Data Selection

(in order to avoid the term “trigger”)



Model predictions of particle multiplicities ( x branching ratio)
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Some of the (most interesting)
probes are extremely rare.

Decent measurement in
reasonable time necessitates
high interaction rates.

Current heavy-ion experiments
run with very moderate rates
(100 Hz - several kHz).

When designing a new
experiment: what is the rate
limit?



Rate Limitations

The measured interaction rates are limited by:

 what the accelerator can deliver: beam luminosity (collider) or intensity
(fixed-target)

* what the experiment can take:
— speed of detectors (fast: e.g. ECAL, solid-state detectors; slow: e.g. gas drift detectors)
— speed of read-out electronics (e.g. shaping time of the ADC)
— trigger latency
— DAQ throughput
— archival rate

Current experimental upgrade plans usually target higher
interaction rates (LHC experiments, STAR, NA61)

CBM is designed as a high-rate experiment from the beginning.



Natural Time Scales

Considerations for the design interaction rate:

*  The accelerator promises 2 x 10°ions/s. With a (typical) 1% target, this would
give 20 MHz interaction rate -> 50 ns on average between collisions.

. Event duration

— typical experiment size 10m
— Difference of time-of-flight through the setup between B =1 and B = 0.7 particles is 20 ns

Event pile-up should be avoided
— hard to resolve different events in fixed-target mode (are all within several 100 um inside the

4

CBM design rate: 10 MHz

target)



Experimental Setup

Dipole RICH TRD
Ring Transition Resistive
Imaging Radiation Plate

Mission: build a
* afixed-target heavy-ion
experiment

e for collisions in the FAIR
energy range

* which can measure
hadrons, electrons, muons
and open charm

* ateventratesupto
10 MHz.
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Data Rates

Raw data event size: 100 kB / min. bias event (Au+Au)
At 10 MHz event rate: raw data rate 1 TB/s

Archival rate:

— technologically possible are rates of 100 GB/s and above

— limiting factor are the storage costs

— typical runtime scenario 2 effective months / year (5 x 108 s)
— At 1 GB/s: gives a storage volume of 5 PB/year

¢

We aim at an data archival rate of a few GB/s, meaning that the raw
data volume has to be suppressed online by factors 300 - 1000.



Selecting Data Online

* Some (not all) of the rare probes [
have a complex signature.
Example: Q > AK*T - pn~K*

* In the background of several
hundreds of charged tracks

* No simple primitive to be
implemented in trigger logic
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Selecting Data Online

CBM simulation, central Au+Au, 10A GeV

* Selection requires reconstruction o~ - .
of all tracks plus combinatorial § 3001 Q
search for two decay vertices: aa I P
typical software task % 600 s
. Z I S/Bg = 1.0
. ;);;Imf performance for Omega: 3 400"
~ - i " .
| - = 200 # N mrmine,
* If realisable online: excellent = S g
software trigger I T E
1.6 1.7 1.8 1.9
m, KA (GeV/c?

« Similar argument for many topology-based observables (hyper-nuclei,
exotic strange objects, charm)

* Simpler patterns e.g. for lepton pairs (J/{ or low-mass)

e R/O design must be based on the most challenging case



Detector

FEE buffer

Readout
buffer

Network

Processor
farm

Storage

DAQ and Trigger Concept

Conventional
system

LI
trigger

L2
trigger

Event Building

|'/.f;j'-

X /
\\7 7_/

CBM

L/
A

I’g

o
Interval Building

Self-triggering Front-end;

all hits shipped to DAQ.
/ Data push architecture

| Fast FEE links
Ve

Readout buffer outside
radiation area, many GByte

| —| Allows LI decision times up to
100-1000 ms

/| High-throughput network

First event selection
/ performed in processor
farm

Typical Parameters:
1% occupancy, 107 int./s
100 kHz channel hit rate

| MByte/s per channel
whole CBEM: ~ | TByte/s
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No hardware trigger at all

Continuous readout by
autonomous FEE

FEE sends data message on
each signal above threshold
(“self-triggered”)

Hit message come with a time
stamp; readout system is
synchronised by a central clock

DAQ aggregates messages
based on their time stamp into
“time slices”

Time slices are delivered to
the online computing farm
(FLES)

Decision on data selection is
done in the FLES (in software)
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Triggered and Free-Running Readout

Trigger: snapshots of the detector

Trigger-less: a movie of the detector

N.b.: Too large to be stored! Will be cut into
pieces (events) in the photo lab (= FLES).



Advantages

* no latency issues; the system is limited by throughput
* no buffers on FEE ASICS (inside radiation zone) needed

. data selection is shifted to software

— in principle, everything which is usually done in the offline analysis can be implemented for
online data selection

— very flexible: easy to switch between triggers, to use different triggers in parallel
— assessing the trigger efficiency is straightforward: no emulation of trigger logic needed

So, why was it not done before?

Requires an online compute farm powerful enough to process the entire data
stream

Throughput is defined by the size of the compute farm and the speed of the
algorithms.

 CBM estimate: equivalent to ~10° CPU cores needed
e Some years ago, this was the entire LHCgrid

Nowadays (let alone in some years), feasible to finance and to host close to
the experiment



Issues of a Trigger-less System

* Noise from detectors and electronics
— tight threshold in order to suppress the contribution of noise to the total data rate
— good signal-to-noise ratios in detectors are needed in order not to lose signals

Example: fraction of noise from the STS

Threshold / noise = 3 40 % 86 % 98 % 99.8 %
Threshold / noise = 3.5 11% 55 % 92 % 99.2 %
Threshold / noise = 4 2% 15 % 65 % 95 %

 No events given to software
— Unlike in conventional HLTs, where events are build before by DAQ

— Online reconstruction starts from time-sorted data stream
— Algorithms have to take into account time coordinate (“4D reconstruction”)
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Online Data Flow

Front-end
Electronic

Combiner

Data Processing

Board

First-level
Event
Selector

Permanent
Storage

FEE I —

Self-triggered front-end
Al hits shipped to FLES

| TByte/s Total

Input Data Rate
* 1000 finks

FLES Interface Board
* FPGA based
« Optical input links
* Fast PCle interface
* Large buffer memory

| Event selection in FLES

processor farm
* High-throughput online analysis
* full event reconstruction
* 107 Events/s
* Vectorization and many-core
architectures
* ~ 60.000 Cores

High-throughput
interval building
* InfiniBand

TDHEP I, Puebla, 31 January 2018
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Green Cube, GSI
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TDHEP 1l

FLES Architecture

FLES is designed as an HPC cluster
» Commodity PC hardware Node ]

* GPGPU accelerators

e Custom input interface
Total input data rate ~1 TB/s

InfiniBand network for interval building

* High throughput, low latency switched fabric communications
* Provides RDMA data transfer, very convenient for interval building
» Most-used system interconnect in latest TOP500 (224 systems)”

Flat structure w/o dedicated input nodes
Inputs are distributed over the cluster

* Makes use of full-duplex bidirectional InfiniBand bandwith
* |nput data is concise, no need for processing before interval building

Decision on actual commodity hardware components as late as possible
* First phase: full input connectivity, but limited processing and networking

, Puebla, 31 January 2018 Volker Friese
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Time Slice: Interface to Online Reconstruction

* Basic idea: For each
timeslice, an instance
of the reconstruction
code...

* is given direct indexed

access to all corresponding
data

Timeslice

Time

l

-
u
E

1 &
E

d =
o
%]

DEST MT |
COMTEMT MC |
COMTENT HE
COMTENT MC 100

DESC MO D

Component | Component 0

o>
=
o
E
j [0
E
=
o
=}

COMTINT RED
COTENT M |

DESC bC 100

CONTENT MC 12

2
r
il
F
E
£
&
hd

CONTENT MC 0

¢ Uses detector-specific code
to understand the contents
of the MCs

¢ gpplies adjustments (fine
calibration) to detector
Timeslice timestamps if necessary
* Two-dimensional indexed access to microslices .
* Qverlap according to detector time precision
* Interface to online reconstruction software

Core region Overlap region

finds, reconstructs and
analyzes the contained
events
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Real-Time Reconstruction

In our concept, the task of online data selection is shifted from electronic
engineering to software engineering.

For a given event / data rate, the speed of the algorithms determines the
required size of the online compute farm.

For a given financial budget / size of the online farm, the speed of the
algorithms determine the physics output of the experiment.

High-performance online software is a pre-requisite for the successful
operation of CBM.

— Make optimal use of available parallel computer architectures: many-core, GPU,
accelerators

— Be flexible to upcoming new architectures
Parallelism is the key word

— Data-level parallelism: one time slice per compute node

— Task-level and data-level parallelism within time slice



Parallelisation within time-slice
CEEER SEEEE — —
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Entries

Track Finding

e Usually, the most compute-intensive task in reconstruction

* Approach: Cellular Automaton, operating on time-ordered stream of
detector hits (no event association)

Hit time measurement in STS at interaction rate 10 MHz High rate scenario: STS hits+tracks+ mcEvent vs time
- 10° - -
o Events overlap on hit level 10 MHz Time resolution: Sns
1 C Dead time: 800 ns
10%
track finder 10 =
'E l -
: I 1 1 1 1 1 1
0 2000 4000 6000 8000 rime, e 00 3800 4000 4200 4400 4600 4800
time (ns)

* After track finding, events can be defined as time-clusters of tracks
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CA track finder: performance and scalability

100 AuAu minimum bias events at 10 AGeV

Al tracks 925 % 93.8 % 935 % 91.7 %
Primary high-p 98.3 % 98.1 % 97.9 % 96.2 % . L .
Pimarylowp  939%  954%  955%  043% High efficiency for primary
Secondary high-p 90.8 % 94.6 % 93.5% 90.2 % trac kS
Secondary low-p 62.2 % 68.5 % 67.6 % 64.3 % Rate eﬁects become VISI ble
Clone level 0.6 % 0.6 % 0.6 % 0.6 % . .
above 1 MHz interaction rate
Ghost level 1.8 % 0.6 % 0.6 % 0.6 %
True hits per track 92% 93 % 93 % 93%
Hits per MC track 7.0 7.0 6.97 6.70
é 2000 3 3 :
g 1800[- 3 3 : -
& Intel E748602.27 GHz | sl
1600 AMD 6164EH 1.70 Giz. oo Lt
1400 Intel 15640 227GHz . oaasw ta ]
Intel X5550 2.67 GHz A Good li behavi . Il
1200 ‘ : ‘ aathis : 00Q scCaling benaviour: we
1000] P suited for many-core systems
- A% +¢
C ada A g0?
&1} T Ay “. 77777777
X adgha gg?
600 A R 7S 2 SR RS SRR SR
) vv' l“:::."
400 C vvv A‘.fl TS S TS RN RO S
s VVV ‘..Q“’
O ok oot AN ARSI WSS, S— ——
e
Il Il Il ’ Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
% 10 20 30 40 50 60 70 80
Number of logical cores
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Particle Reconstruction in Real-Time

Tracks: e+, u*, =, K*, p*, d*, *He®, *He*

primary and secondary
Dileptons Open-charm Strange particles Hypermatter
Charmonium Open-charm _ :: — Ay
Jhy —e'e particles KO — - & - AT S Ay " o
Thy — p' 0 ) N = —=Ant N T —pwd ypernuclei
Jy Hot }) —>§'n 1:: —'p‘.'t’| 0 — AK- - 5 —pnd le— 'l"‘_\ntg’d‘ﬁi
W —=Knnw A —pm S X 7+ —0 (AR — d-mt
Low mass D' K : QAR i-, o T{,\ . lllh — 31;:37:'
—  vector mesons D K T = —Am “-‘ﬂ )
p —e e —> DS Knn I 1 T 3 _j\A“ S Her —]
D — LW - - — N
Im e t 0 Kiﬂ i l Strange resonances ‘W —“Hen
o D —K'Kn . ‘+He — *Hep 7
! D, —K*K-m '\He —3Hep =’
b i A—pKE g e — Hep e
A —pKn K™ — KO g+ HEV—>E'mw *»He — ‘Hep '
) . : > O —EKa 9
K™ — KO m A
¥ o 37 Q- EKw
Gamma = An
Y — L‘: ¢ Open-charm :— ::}t i 71
= e I;ﬁé(ialr;c? § —An ]l‘ — K'z = — =0 Heavy 1111}lti-
Gamma-decays — 59Dt B S AK- K0 —>Kn = = 20 N ‘stral}ge objects <
vy D — Dot Y —AK* b — KK = = {AA} = Apm
0 =Ty D~ — Do A" —pK- (E°A}— AA
A" —pK"*

KFParticleFinder: Simultaneous access to multitude of particles
Real-time reconstruction allows online selection of rare probes.
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Real-Time Reconstruction - Status

TDHEP I, Puebla, 31 January 2018

Not all problems yet solved -
but the major hurdles are
taken.

Results so far give confidence
that online event reconstruction
and selection will be possible
on a computer farm of < 10°
cores.

Volker Friese
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Summary

CBM: A heavy-ion experiment to investigate baryon-rich QCD
matter at energies from 2A to 45A GeV at FAIR/Darmstadt

The physics programme comprises a suite of observables
including very rare ones. The design punchline is thus to be
capable to take interaction rates in the MHz range.

Novel read-out concept without hardware trigger; real-time
data selection exclusively on CPU.

Timeline: Facility under construction; experiment starts mass
production of components soon; operation from 2024 on.



