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» Lecture and much of the material inherited from Alessandro Thea (now CERN,
but latterly of this parish) — many thanks!

* | work on ATLAS — much of this talk will be collider-based, but the concepts are
general

Science and
Technology
Facilities Council

Particle Physics Introduction to DAQ, RAL PhD lectures



Outline

= |Introduction
=  Whatis DAQ?
= Example System architecture
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What 1s DAQ?

= Data AcQuisition (DAQ) Is

= the process of sampling signals that measure real world physical conditions
and converting the resulting samples into digital numeric values that can be
manipulated by a computer

* [ngredients:
= Sensors: convert physical quantities to electrical signals

= Analog-to-digital converters: convert conditioned sensor signals to digital
values

" Processing and storage elements

=" |[n practice:
= A complex mix of physics, electronics, computer science, networking (efc...)
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DAQ duties

= Gather data produced by detectors
" Readout

* Form complete events
= Data Collection and Event Building

» Possibly feed extra processing levels » pata Flow

= Store event data
= Data Logging

= Manage operations
= Control, Configuration, Monitoring
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Interlude: data vs interesting data

=Interesting physics data typically a small fraction of sampled signals
= really, Really, REALLY small

=Storing all recorded data Is unpractical (and costly)
= sometimes technically unfeasible

*Online data reduction before permanent storage imperative

*That's the job of the Trigger!

= DAQ and Trigger deeply entwined (often referred to as TDAQ)
= Trigger Lecture on Tuesday - Dr. Tim Martin
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Trigger In a nutshell

= Selects Interesting events AND rejects the rest, In real time
= Selective: efficient for “signal” and resistant to “background”
= Simple and robust: Must be predictable at all times!
= Fast: Late Is no better than never

= With minimal controlled latency
= time It takes to form and distribute Its decision

= The implementation of “Trigger” has significantly evolved in the
past decades

= LEP: trigger the sampling of (slow) detector

* LHC: trigger the readout of on-detector buffers (Level-1) or trigger
transfer to permanent storage (High Level Trigger - HLT)
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From detector to TDAQ

trigger Trigger and DAQ
path f
Trigger
accept/reject
<
Storage
data o
path
* Trigger path = Data path
= From specific detectors to trigger = From all the detectors to readout
logic | | = Transmission on positive trigger
= Continuous streaming of trigger data decision

= Dedicated connections
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TDAQ Architecture
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TDAQ Architecture
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TDAQ Architecture
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TDAQ Architecture

Science and
Technology
Facilities Council

Particle Physics

<
@
>
=,
@
—.
S
Q
Qo
O
@
>
~—
=S
=
Qo
O
O
>
—)
Q
-
=S
Q
=,
O
-

Detector Channels

Trigger -
Front End Electronics

' 1 A\ 4 1 A 4

Readout/Event Building

High 7
Level =
Trigger u

Storage

)

_

DAQ

Introduction to DAQ, RAL PhD lectures

15



Outline

= Basic DAQ concepts
= Digitization, Latency
= Deadtime, Busy, Backpressure
= De-randomization
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DAQ Basics

» Simple example: temperature sensor

D - < -~ I

Science and
Technology
Facilities Council

Particle Physics Introduction to DAQ, RAL PhD lectures

17



DAQ Basics

» Simple example: temperature sensor
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DAQ Basics

» Simple example: temperature sensor

Limited by:
Analogue-to-Digital conversion rate

Science and
Facilities Sounci Data recording rate
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DAQ Basics

= \What If process Is unpredictable?
» e.g. radioactive decay

"~ @
) @ ‘ Processor

Sensor

Can waste a lot of
time recording
nothing of interest!
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DAQ Basics

= \What If process Is unpredictable?
» e.g. radioactive decay

%

L - R
|

Sensor
Activation
Signal
Dlscrlmlnator DisC
Logic
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DAQ Basics

= \What If process Is unpredictable?
" e.g. radioactive decay

Y - B
-l

Activation
Signal

Discriminator Logic D
; Trigger ISC

Need to delay data to ADC to synchronise with
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DAQ Basics

= Not whole story
= What if new signal arrives while still processing old one?

= Need mechanism to stop additional data from being
collected while system Is unavailable: busy logic

Fast Slow

-
""’%
%

A \
@ | \ { \
i;i::” f}:
S » Delay » —

Sensor Activation
Signal
L > » Busy Logic
Ready

Trigger Signal

Time when system not available to new signals: deadtime

% Science and Dominated by slow component
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DAQ Basics

= Additional improvement: ‘Derandomising’ buffer
" ‘First-in First-out’ structure (FIFO)

O 5[0 (4 (1 |0 | w2

D L - B8 [

Sensor Activation
Signal
Full

Trigger Signal

Decouple front-end (fast) from readout (slow)

Sei No need for more expensive and complex readout
cience and
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DAQ Basics

= Collider Experiment:

= We know beam crossing rate, can predict when interesting data might be available
= Configure Trigger to operate synchronously to beam crossings

= (May) no longer need for initial delay, but still have deadtime from slowest components

Timing and Control B s B5USY L00IC
Activation l

f Full Signal

» Y » [

Stop
Signal
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DAQ Basics

= Collider Experiment:

= No problem if trigger latency less than bunch crossing period

= Not guaranteed with more complex triggers — add more levels

= L1 Trigger here eliminates large fraction of events with simple criteria, allowing L2 Trigger to perform
somewhat more complex analysis on a smaller fraction of the events

Timing and Control Kasssssd 2USY L00i©
Activation Full Sianal
Signal l t J

» Y » [

Stop
Signal

L1 Trigger.
‘ L1 Accept
Science and
Technology
Facilities Council
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DAQ Basics

= Collider Experiment:

= Better results If you can do more complex calculations after
readout stage — add a ‘"high level trigger

= Readout now functions also as a buffer

High Level Trigger
Timing and Control R EUSY 09 Processor  [XSuNaY

Reject
Actlvatlon J

______________________________________________________________________

Stop
Signal
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DAQ Basics

= \What If part of your system in struggling under the load?:

* In this case, our processing/buffering component is saturated, generating backpressure

= This causes components further back in the chain to also become saturated, propagating the
backpressure until the busy logic steps In to stop the trigger

= EXxperts often spend a lot of time working out where backpressure has arisen in the system

| High Level Trigger
Busy Logic Processor Accept/

Reject

Timing and Controi

Direction of

back .
propagation Full Signal tData ‘

» CIEO Buffer/

Activation

|

Processor
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Outline

= Scaling up
= Readout and Event Building
= Buses vs Network
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Front End electronics (example)

18 x 40-pin
cable to
mezzanine
cards

Limitations:

* Max. average hit rate per tube = 50 kHz. ‘ ELMB |(_.

* Long latency, as readout starts only after
Science and ~
% Technology L1 accept (= 8.5 ps after L1 accept).

Facilities Council
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80 Mbps data
40 MHz clock

Trigger

EC/BC Reset

JTAG (slow control)

USA15, off-detector

T JTAG

DCS-Box
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. TTC
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Readout Boards (Counting Room)
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Scaling up the system

Adding more channels requires a hierarchical structure committed to data handling, aggregation and

transport
N channels N channels N channels
NN TRIGGER
| ta digitization
‘ ‘ 4 Front-End data digitizatio
ADC I ADC I 1 ADC T
\ \ \ data extraction
. . . Readout |data formatting
Processing Processing Processing
- event assembly
Data Collection Event Building
. . . event rejection
[PFOCGSSIHQ] Event Filtering ]

Technology
Facilities Council

Event Logging file storage
Science and

Particle Physics Introduction to DAQ, RAL PhD lectures



Readout Topology

= How to organize interconnections inside the building blocks and
between building blocks?

= How to connect data sources and data destinations?
= Two main classes: bus or network

oot oL datasources [ | [ | [|[][]0J0I0ILHL]
—— _I_I_l_I_I_l.
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Buses

» Devices connected via a = Devices can be unique
shared bus addresses on the bus
= Bus — group of electrical = E.g.: PCI, ATCA, SCSI,
ines Parallel ATA, VME ...
= Sharing implies = |ocal, external, crate,
arbitration Iong distance, ...
Device Device Device Device
1 2 3 4

Select Line

. Data Lines
Science and
Technology
Facilities Council
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Bus facts

= Simple ') : ® ® ®

= Fixed number of lines (bus-width) y y ¢

= Devices have to follow well defined interfaces
= Mechanical, electrical, communication, ...

= Scalability issues :-(
= Bus bandwidth is shared among all the devices
= Maximum bus width Is limited
= Maximum number of devices depends on bus length
= Maximum bus freqguency Is inversely proportional to the bus length

* On the long term, second order “effects” may limit the scalability
of your system

Science and
Technology
Facilities Council

Particle Physics Introduction to DAQ, RAL PhD lectures

35



W\

< “Bus facts

LS

-

- -

4

i _ étion 10 I:\,:s"RALfP{I; Iectures
1.*\ LS Pl E |




Networks

= All devices are equal (peers)

= They communicate directly with each
other via messages

= No arbitration
= Bandwidth guaranteed

= Can be copper, optical, wireless
» E£g: Telephone, Ethernet, Infiniband, ...
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Networks

= |[n switched networks, switches move
messages between sources and
destinations

* Find the right path between endpoints

= Congestion (two messages with the
same destination at the same time) - -
handled through additional buffering | N
= Qver time, experiments have updated | | [ MM l, ¥ B
designs to move the network layer S APIPIE
closer to the detector, In place of bus- = RR(AL ") LSy
based systems Bl
* Technological advancement has made this 1] m i
possible | '

= Easier to scale

. | |
= Better access to COTS components | “‘“K SR b o
- Science and ,‘ ? \
% Technology
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Final stage - HLT Farm
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LHC and Its products

Parton

uark,gluon .
(quark, gluon) ew«.»
W -
p F% ﬂ q

: -
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Jd\A““PmtO“ Complex final-states

=3 }IE

2835%2835
bunches

-'—’ in the LHC ring

«<.* 10 protons [ bunch

<30 pp collisions
per bunch crossing
(BC)

N parton-parton
collisions /[ pp
collision

in every parton-
parton collision.

Introduction to DAQ,

Ecms = 14 TeV
L =103 /cm?s
BC clock =40 MHz

R:OinXL

"[nteresting processes extremely rare,
high Luminosity Is essential

= Close collisions in space and time
= | arge proton bunches (1.5x10%)
* Fixed frequency: 40MHz (1/25ns)

*Protons are composite particles
= abundant low energy interactions

Design
parameters

*Few rare high-E events overwhelmed by abundant

low-E environment

RAL PhD lectures
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LHC Detector Challenges

"Huge
= O(10°-108) channels
= ~1 MB event size for pp collisions
= 50 MB for pb-pb collisions (Alice)
= Need huge number of connections

s[ast and slow detectors

= Some detector readout requires >25 ns and integrates
more than one bunch crossing's worth of information

= e.g. ATLAS LArg readout takes ~400 ns

*Online, what Is lost Is lost forever
= Need to monitor selection - need very good control over all conditions

Science and
Technology
Facilities Council
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ATLAS & CMS design principles

=Same physics program

»Different magnetic field structure
= ATLAS: 2 T solenoid + Toroids
= CMS: strong 4 T solenoid

=Different DAQ architecture

= ATLAS: minimise data flow bandwidth
with multiple levels and regional readout

= CMS: large bandwidth, invest on commercial technologies
for processing and communication

sSame data rates
= ~1 MB * 100 kHz = ~100 GB/s readout network

Science and
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QE‘ATI.A

EXPERIMENT

1

as.ch

ATLAS TDAQ System in LHC Run 2

 Trigger decision distributed over two

steps, each rejecting the vast majority
of events |
 Seeding based on Region-of- Event rates Trigger DAQ Peak data rates
Interest (Rol) (peak) (G5 [R5 (omer] ~ (primary physics)
. s O(60 TB/s)
* L1 Trigger based on custom hardware 40 MHz g
(ASICS, FPGAS), W|th Custom E
Hardware [ FE ] [ FE ] [ FE ] -
2.5 us latency | /' T 00 F
« Data buffered on FE electronics (Rop) (rop] (Rop)
100 kHz Regions of ~ 160 GB/
« HLT based on software running on y o o100
commodity servers, with approaching [(HLTsv) —— =]
1 s latency | | :
» Data buffered in readout system y o7k ragments 2
¢ HLT Samples Only needed I [[[[ F’mg&ssing I__,Init‘ L.IEI;
portions of event Full event O IR
l 0(10)
[[ Data Logger ]
~ 1.5 kHz P T . | ~1.5 GB/s
____Permanent §@L@g§____:r+ -
- Science and
% Technology
Facilities Council
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ATLAS TDAQ Upgrade for Run 4

= Still an Rol-based system

= LO Trigger -

Calorimeters

Muon System

= Hardware trigger for low latency event selection '

= Qperating at 1 MHz accept rate
= 10 us latency budget

= DAQ
= Readout system based new commodity server-based
components (FELIX)

: Servin?< data from custom detector links to commodity switched
networ

= Already introduced for some systems in Run 3
= Completely new Dataflow system to transport data to Event

<€

<

Global Trigger
lllllllllllllllll Eve nt . .E
Processor

A A :
__________ SRR I :
--------------------- : "sssssnmmmnsn o LLRE E
R == Y_ Vv
A 4 ™ 4 LOMuon N
( LOCalo
Barrel NSW Trigger
eFEX Sector Logic Processor
JFEX Endcap MDT Trigger
gFEX Sector Logic Processor
fFEX A
. Y, MUCTPI

—LO

Filter and permanent storage o
= 4.6 TB/s data rate through readout and dataflow to event filter [ PEL ]" " '[ i ]< """"""""
= Al events fully built before Event Filters D AQ —~ i
= QOverhauled network and online software Data Handlers <+ L0 trigger data (40 MHz)
<~ - L0 accept signal
[ Eve nt F'Iter - i <€— Readout data (1 MHz)
. . . . ataflow <~ - EF accept signal
= High level event selection in dedicated farm (largely i, {5 Output data (10 o
equivalent to today’s HLT) Ik \L
=  Will feature GPU accelerators — a Event Filter
Permanent
Processor Farm Storage
EF g
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CMS DAQ System in LHC Run 2

= Two-stage Trigger System

= L1 @ 100 kHz, 4 us latency
= ASICs, FPGAs

» HLT @ 1 kHz

= Commodity Servers (incorporated

GPUs for Run 3)

= Fully build all events by default N
= Requires large concentrator and

event building network

» File-based HLT processing (full popparpi

events)

= DAQ and HLT can be completely

decoupled

Science and
Technology
Facilities Council
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GTP T'ICE - Timing, Trigger and Control (TTC) front-end distribution system
v 1 _
TCDS 1 FED Detector Front-End Drivers ( FED x ~700 ) Py -H_“ 1
.q_I : FEDs = | ] :
F‘:.s“ =E : - Trigger Throttle System (TTS). Fast Merging Module (FMM) l
Q i
B  4Gbs Legacy readout link Input: oid FED copper 400 MEs Sl rew FED 4/10 Gbs optcal O Ptical readout link
- SLINK-64 SLINK express
% @ m 576 Front-End Readout Oplical Link (FEROL-PClx) EI @%
1 B 10 Gb/s TCP/IP from |
B ( i : ) Patch panels an FPGA pUSh to
o . ‘ ethernet
10 GbE ' 185m OM3 Data to Surface ~ (2 x) 576 x 10 GbE links (5.8 Tbs)
|3
A 10Gbe _ 1) CIUIS DAQ 2
48x12 10/40 GbE Data Concentration Network Wﬂ«vﬁm Ethernet 10/40 GBE Fat-Tree
40GoE P [T T et T
[ T e L 1Dl ||I|||
£ 56GbpsIB-FOR F T LIl LTI
- )
© 108 x6456Gbps |  Event Builder 108 x 64 (3.5 Tos ) s e, nfiniBand-FOR CLOS-216 network
- & Data Backbone 2 G S NEE RSSO (216 external ports)
: ] .
T 56 Gbps IB-FDR : ‘ [ |
— BU, BU. BU. .
8 40 GbE ma™ITin 8x40GLE = ™ x40GbE  * | ™ oss]oss]
o %x40GoE P4 9BX40GbEswitch  |x14 | M uxmm x10 “g
—r | M R sire
) P4 540x32 (1/10 GbE) ° 36 x 10 GbE FUs ’ l ~ «Trans
reconstruction

around L1 seeds\

oY 04,7
.. "o
- -
e B - alh

N P
‘;.4 ) . N

* 211Gb€FUs

e

Data backbone (10/40 GbE)

~ 1 BU (256 GB RAM, 2TB magnetc disks)
« 16 FU nodes

« FU: Dual ES-2670 8 core (2 x1 GbE)

- FU: Dual X5650 6 core (2 x1 GbE)

Introduction to DAQ, RAL PhD lectures

BU-FU appliance

-1 BU (256 GB RAM, 27B magnetic disks)

- 8 FU nodes CDR router

« FU. Dual Haswell with 12 cores (10 GbE)

47



CMS DAQ Upgrade for Run 4

Detector Front Ends (FE)

= L1 Trigger operating at 750 - | NS ottt o S
I I Trigger PfOCGSSOfS ‘ | ‘ Tngger and detector data 50,000 x 1-10 Gbps GBT links
4 Trigger :21 ggts; tc;)::ta links 7
1 bS :" ’ 3

kHz, incorporating tracking o s ==
= 12.5 pus latency T ” w5 ]
= CLK/L1A ;L‘.r—?—
. H LT Operatlng a't 7'5 kHZ - 1000x100 Gbs data links ”HI“IIILLLLI Data to S1urface (D2S) 200m fibers IH”

] D ata'ﬂ OW th ro u g h p ut Of 5 . 5 A o M : Dla\ta to Surface. Data Concentration Network

TB /S ~ 200 RU/BU servers IJ ]
= Significantly higher network 2% s s ) ﬂ ry—Tm—

Cap aC | ty nee d e d ~ 400 x 400 Gbs switch || a Event Back Bone

~ 200 Tbs bandwidth Event network Chassis based Ethernet switch |

Top of the Rack (ToR ] ! ~ 10 PB local storage [ Cluster Mergel&
= Data-to-surface (D2S) boards i ,ﬁ ) s s | e
bridging custom detector links 33 3 BE e oo [

to switched network
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LHCDb Trigger Upgrade

»  From Run 3 (2022), LHCb has L 20 Lrdo9er DiRgre
essentially done away with 40 MHz bunch crossing rate

its hardware trigger < s <~}

LO Hardware Trigger : 1 MHz
* Instead, all detector data are readout, high Er/Pr signatures

read out directly into 450 kHz  400KkHz 150 kHz
High Level Trigger (software), T

which features GPU-based
acceleration

30 MHz inelastic event rate
(full rate event building)

Buffer events to disk, perform online
detector calibration and alignment

* Possible due to (relatively) :
small event size (apprOX. 10% of Buffer events to disk, perform online
CMS/ATLAS), bUt inVOIVeS Very : detector calibration and alignment

Complex reconStrUCtion at hlgh . Full offline-like event selection, mixture '
rates INn HLT of inclusive and exclusive triggers

12.5 kHz (0.6 GB/s) to storage 2-5 GB/s to storage
ST e
Technology

Facilities Council

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers
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ALICE Trigger  ‘tatency

1.2us
* Run1and2Trigger 45,5

* 3 hardware levels 100us
» 1 software

Software

 In Run 3, moved to integrated online-offline ‘O
system with continuous readout

* |ntroduction of new Fast Interaction Trigger (FIT)
minimum bias trigger with high precision timing and
luminometry

» Making use of GPU-accelerated reconstruction

Science and
Technology
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B Compressed
Reconstructed Data {) \~ Raw Data
Permanent storage <100 GB/s
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Sanford

Research
Facility

DUNE TDAQ System

Underground

‘.____——'———-'-—--__‘_“'
e
i = T

Fermilab

» Single trigger level with two modes of operation:
* Interaction triggers (interesting localized activity
somewhere In the detector)
 Examples: beam triggers, cosmic rays and
photon detection.
« Supernova Neutrino Burst (SNB) triggers (sufficient
activity in the detector to suggest a SNB)
» All data are stored for 100 sec window
Including O(10 s) before the trigger signal.
« External Trigger Interface (ETI) to pass
messages to Supernova Early Warning System

(SNEWS)

Science and
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Real-time processed datastream!

Timing and
= = #| Synchronization
System

]
Synchronize
- -4

'
Y

o

Upstream DAQ

collection
; channels
3 full stream

Trlgge? primitives

Self-triggered

system!

Data Selection
System

Triggering

------

all channels
full stream
Detector

electronics

Buffering ]

Data request

Backend DAQ

(

1

Requested data

A
i

O(10 s) transient buffers for
data request decisions’ latency!

Introduction to DAQ, RAL PhD lectures

Request
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Monitoring System

Control, Configuration and

Event files

Trigger
commands

Output
Storage
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Sanford

Underground
Research
Facility

Fermilab

_—= =TT

DUNE TDAQ System

DUNE Far Detector comprised of four
17 kT Liquid Argon Time Projection
Chamber (LArTPC) modules

» Software-based (SIMD) hit finding to produce Trigger
Primitives, followed by clustering and selection ‘

Hit finder . i
Clustering [ N < SRS SO O [ ......... sy 2 Ao <l
IR (. . I -yt (e 0 W - LR
Readout
ons 1) > Triggor
Detector Data '
EESEE : electronics transmission | :
‘. 1 [ |
' detector : " )
firmware : Data i Data
, | aggregation T |  reception
1 A
- ST P Control, Configuration and : . Datafiow
t ] ' Manitoring System | :
Triggerin = 1 :
Sa=ing : b F
1 1 i I checking
- | e | B e LR DR - . . ‘]
| Mo nitoring
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Summary

* This lecture Is just an introduction about data acquisition

* DAQ (& Trigger) is a complex and fascinating topic, combining very different
flelds of expertise

= Covered the principles of a simple data acquisition system
= Basic elements: trigger, derandomiser, FIFO, busy logic
= Scaling to multi-channel, multi-layer systems

= How data are transported
= Bus versus network

= A (very) brief overview of LHC experiments + DUNE DAQ systems
= Similar architectures, different optimisations driven by detector requirements
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