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Introduction:
Mission Make-it-Possible



cE) Collisions at the LHC: su
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&) Trigger and Data Acquisition Sys-

/S

Mandate:

“Look at (almost) all bunch crossings, select the most interesting
ones, collect all detector information for them and store it for
off-line analysis”

e P.S. For a reasonable number of CHF

The photographer analogy:
¢ Trigger: the photographer/camera push-button combination
o DAQ: burning the film, rolling out the picture, storing film
+ Quality of shot: number of pictures/second, number of pixels
e And of course the photographer

¢ Cost of shot: the camera (one-time); film (recurring); the shot
itself (cannot take another picture for a short time after we
push on the camera button)
Trigger/DAQ: the HEP experiment photographer. All
physics analysis runs off of the film (s)he produces
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LHC: physics goals and
machine parameters



@) Higgs boson production at LH.

N

Primary physics goal: explore the physics of
Electroweak symmetry breaking.

¢ In the SM: the Higgs

+ Energy of the collider: dictated by machine radius and magnets
¢ Luminosity: determine from requirements

Higgs mass: unknown; N e
could be up to ~1TeV/c2. \ “§=11;‘5T§"V
10 k *:!‘ = e 106‘_
¢ Wish to have ~20-30 e CTEQ4M o
. = 1L ST 105 &
events/year at highest § 'f “un. 0 el & S
masses otk RN e 10 5
. . F " @
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F NLO QCD Zeae, T
¢ At 10" protons/bunch, 4L R
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P. Sphicas CERN Summer Student Lectures

Trigger and Data Acquisition July 2005



CEKW
\

/S

Beam crossings: LEP, Tevatron & LHC

LHC will have ~3600 bunches
¢ And same length as LEP (27 km)
+ Distance between bunches: 27km/3600=7.5m
+ Distance between bunches in time: 7.5m/c=25ns

LEP: e*e- Crossing rate 30 kHz

|| I I
22us
; - \I Tevatron Run |
i i

3.5us
- un [l

LHC: pp Crossing rate 40 MHz

I 0 <l T T 1T 1

25ns
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N pp cross section and min. bias

/S

# of interactions/crossing: i 5(pp)~70 mb

¢ Interactions/s:

[ ] Lu m o 1 034 cm_zs_1 =1 07m b_1 Hzg 102 :_ . Sensiieriie et e ar e e e el S o e

e o(pp) =70 mb

¢ Interaction Rate, R = 7x108 Hz
¢+ Events/beam crossing: o | _
e At=25ns = 2.5x10-8 s i S s S s s s 1[ —
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¢ Not all P bunches are full Center of mass energy (GeV)
e 2835 out of 3564 only
e Interactions/”active” crossing = 17.5 x 3564/2835 = 23

Operating conditions (summary):
1) A "good"” event containing a Higgs decay +
2) ~ 20 extra "bad"” (minimum bias) interactions
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) pp collisions at 14 TeV at 1034 cm2s"*

N

20 min
bias
events
overlap

H-oZZ

Z —pp
H— 4 muons:

the cleanest
(“golden”) (not the H though...)

signature repeats every 25 ns...
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\j Impact on detector desig-

LHC detectors must have fast response
¢ Avoid integrating over many bunch crossings (“pile-up”)
+ Typical response time : 20-50 ns
— integrate over 1-2 bunch crossings — pile-up of 25-50 min-
bias events — very challenging readout electronics
LHC detectors must be highly granular

+ Minimize probability that pile-up particles be in the same
detector element as interesting object (e.g. y from H — yy
decays)

— large number of electronic channels

LHC detectors must be radiation resistant:

+ high flux of particles from pp collisions — high radiation
environment e.g. in forward calorimeters:

e up to 10" n/cm? in 10 years of LHC operation
e up to 107 Gy (1 Gy = unit of absorbed energy = 1 Joule/Kq)
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&N Pile-up

/S

= “In-time” pile-up: particles from the same crossing but
from a different pp interaction

Long detector
response/pulse shapes:
¢ “Out-of-time” pile-up: left-over
signals from interactions in
previous crossings

¢ Need “bunch-crossing

idezgtification” N In+Out-of-ti
n+Out-of-time

g ZZ BXK In-time e : i\ % pulses

pulse ::> % X\X&:

meose LA M

5 43219012 3 45 6 7 8 9 101112 13 14 15 16 17 543219012 3 456 7 8 910 11 12 13 14 15 16 17 18 19 20
t (25ns units)

t (25ns units)
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L Time of Fligh

c=30cm/ns; in 25ns, s=7.5m

Muon Detectors Electromagnetic Calorimeters

Forward Calorimeters

End Cap Toroid

i Inner Detector ieldi
Baric! Taiomd Hadronic Calorimeters =hiEleiag
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\U Selectivity: the physics-
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N Physics selection at the LHC

/S
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/S

&) Trigger/DAQ requirementslchall-

N (channels) ~ O(107); =20 interactions every 25 ns
+ need huge number of connections
+ need information super-highway

Calorimeter information should correspond to tracker
info

+ need to synchronize detector elements to (better than) 25 ns
In some cases: detector signal/time of flight > 25 ns

+ integrate more than one bunch crossing's worth of information
+ need to identify bunch crossing...

Can store data at = 102 Hz
+ heed to reject most interactions

It's On-Line (cannot go back and recover events)
+ heed to monitor selection

P. Sphicas CERN Summer Student Lectures
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Trigger/DAQ: architectures



o) Triggering -

Task: inspect detector information and provide a first
decision on whether to keep the event or throw it out

The trigger is a function of :

==l
— o ) )

Event data & Apparatus
Physics channels & Parameters

* Detector data not (all) promptly available
» Selection function highly complex

=T(...) is evaluated by successive approximations, the
TRIGGER LEVELS

(possibly with zero dead time)
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Level-1 trigger: reduce 40 MHz to 10° Hz

Online Selection Flow in pp

¢ This step is always there

or 2 extra steps

Detectors

Front end pipelines

Readout buffers

- Switching network

9

Processor farms

“Traditional”: 3 physical levels

¢ Upstream: still need to get to 102 Hz; in 1
|

%

Detectors

Front end pipelines

Readout buffers

Switching network

Processor farms

CMS: 2 physical levels
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Three physical entities

Additional processing in LV-2: reduce network
bandwidth requirements

Level-1

Detector Frontend

Level-2

M—ﬁﬂﬁ]

Event

Switch
Manager

Switch

M
m
e

FoT
c >

@

S

&

Builder Network

[Computing services ]

40 MHz
10° Hz
102 Hz
10 Gb/s

102 Hz

Readout

TRIGGERS 100

kHz SPECIALIZED processors
(feature extraction and global logic)

——1
S

Rate (Hz) LEVEL-1 Trigger 40 MHz
QED ] Hardwired processors (ASIC, FPGA)
T , MASSIVE PARALLEL
10° / Pipelined Logic Systems
10°) SECOND LEVEL
104- <4—-01-1sec —p
W,z
op -
5 RN AR A
0
10 R AR
Higgs AR AR AR
i HIGH LEVEL TRIGGERS 1kHz
Standard processor FARMs <=
10+ 25ns - us ms sec
10® 10° 10+ 10 100

Available processing time
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N Two physical entities

N
Rate (Hz) LEVEL-1 Trigger 40 MHz
Level 1 | OISR | — QED - Hardwired processors (ASIC, FPGA)
Trigger Readout MASSIVE PARALLEL
: |—» Systems Pipelined Logic Systems
v 108 | >{
ME\rqggter <i Builder Networks H Cci?rlljtrr]ol >
108 /I\
v—d]i]jd]j:d]i—njm T 4——-001-1sec —p
Systems <“«-lps —p
[ Computing Services ]7 104_ \)é\ ‘)é\ \)é\ \é\ \é\
W,z =~ A [
Top 102
40 MHz P A Wy
7
105 Hz 10° o N NEV R YR
Higgs A SR [
104
1000 Gb/S HIGH LEVEL TRIGGERS 100 kHz
Standard processor FARMs
10+ 25ns - us ms sec
T T T T T 1 9
1 02 Hz 108 10¢ 10+ 102 10° =

Available processing time

- Reduce number of building blocks

- Rely on commercial components (especially processing and
communications)
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) Comparison of 2 vs 3 physical levels

NS
Three Physical Levels Two Physical Levels
¢ Investment in: ¢ Investment in:
e Control Logic e Bandwidth
e Specialized Model e Commercial
processors Processors
N Data .
®I Bandwjdth
‘ ‘ (L2) Data []
=) Acce§s [—‘5
IBDcndvqlt.jth ‘ \ @T
G “Units G
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&) Trigger/DAQ parameters: sum-

No.Levels Level-1 Event Readout Filter Out
Trigger Rate (Hz) Size (Byte) Bandw.(GB/s) MB/s (Event/s)

3 10° 106 10 100 (102)
LV-2 103
105 106 100 100 (102)
vo 106 2x10°5 4 40 (2x102)
LV-1 4 104
po-pp D00 5x107 5 1250 (102)
op 103 2x106 200 (10?)
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™) Trigger/DAQ systems: pres

High Level-1 Trigger

(1 MHz)

LHCb | High No. Channels
‘ High Bandwidth

( 1000 Gbit/s)

10° '

10¢
High Data Archives
. (PetaB)Ltes)
103 ,. -
ALICE

- UAT NA49
10 905_’ 10° 10
._EP

Event Size (byte)

Level-1 Rate (Hz)
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A J
Level-2 Trigger
System
L2 Acc/Rej

Levels 3

Full Event

LV-1 rate 100 kHz
Readout 10 GBI/s
Storage 100 MB/s

L

|__I

Levels 4 -

LV-1 rate 500 Hz e
Readout 5 GB/s
Storage 1250 MB/s

LHCb

Level 1 Detector Frontends 40 MHz
Trigger
Readout
Systems
T P 10° He
Mg\r’\gzgr — b Builder Network — ;g?lt(.jrtol
onitor
Filter 1 Tois
Systems
[ Computing Services 10? Hz
Levels 2 Levels 3
LV-1 rate 100 kHz LV-1 rate 1
Readout 100 GB/s Readout 4
Storage 100 MB/s Storage 40
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Level-1 Trigger



o) Level-1 trigger algorithm-

Physics facts:
¢ pp collisions produce mainly hadrons with P;~1 GeV

+ Interesting physics (old and new) has particles (leptons and
hadrons) with large transverse momenta:

e W—ev: M(W)=80 GeV/c?; P;(e) ~ 30-40 GeV
e H(120 GeV)—yy: P;(y) ~ 50-60 GeV
Basic requirements:
+ Impose high thresholds on particles

e Implies distinguishing particle types; possible for electrons,
muons and “jets”; beyond that, need complex algorithms

o Typical thresholds:
e Single muon with P;>20 GeV (rate ~ 10 kHz)
> Dimuons with P:>6 (rate ~ 1 kHz)
e Single ely with P:>30 GeV (rate ~ 10-20 kHz)
> Dielectrons with P:>20 GeV (rate ~ 5 kHz)
e Single jet with P.>300 GeV (rate ~ 0.2-0.4 kHz)
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Use prompt data (calorimetry
and muons) to identify:

High p, electron, muon, jets,
missing E.

CALORIMETERSs

Cluster finding and energy
deposition evaluation

“)N  Particle signatures in the dete-
\\ MUON System
Segment and track finding
L
O

=15/

New data every 25 ns
Decision latency ~ us
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) At Level-1: only calo and muon info

N

Pattern recognition much | = Compare to tracker info

faster/easier

/
R
Hadron Electromagnetic —

g
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=« Synchronous
40 MHz digital

\U Level-1 Trigger: decis_

¢ Typical: 160 MHz

internal pipeline | |
+ Latencies:

e Readout +

?;Zcessmg: < IhjEEE%E [

Local level-1 trigger
system Global T"gger 1 Primitve e, 7 jefs, 1

= 2-3 us
latency
loop

* Signal Front-End Digitizer [:]—’{5 T
: - igitiz rigger
collection & J 99

ot . Pipeline dela Primitive
dlStI’IbUtIOh. P~ ( ~ 3 IJS) y Generator
2us >+
= AtLvil-1: process Accept/Reject LV-1
only calo+u info
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E Signaling and pipel

TIME

[
J %

Detector front end

A L—
\ o— | 7‘0_
~ 1 Frontend
Lvi-1 pipelines
>
O'/

Readout buffers

Light cone
— ~= .~  » SPACE
Control ~— 777 £ L "\
Room //// _ N\\N
Experiment
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CMS ~ similar

~7000 calorimeter trigger towers
(analogue sum on detectors)

Lvi-1 trigger architecture: ATLAS

Radiation tolerance,
cooling, grounding,
magnetic field, no access

O(1M) RPC/TGC channels

Calorimeter trigger

Pre-Processor

Muon trigger

Muon Barrel

Muon End-cap

Trigger

Trigger

(analogue — E;)

Jet / Energy-sum
Processor

Muon central

Cluster Processor

(e/y, Th)

trigger processor

Design all digital,
except input stage of
calorimeter trigger

Pre-Processor

“\

e

Central Trigger
Processor (CTP)

Timing, Trigger,
Control (TTC)

Latency limit 2.5 us
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&) Level-1 trigger data flow: ATLAS

N LS
O 1 -d etector: Level-1 Calorimeter Trigger Architecture
Z TiladLAr
+ analog sums to form trigger [Lg}( Calorimelers ’.:mm

towers P (—Hmﬁe _—
~7000 analogue links % twisted pair, <70m
Off-detector:

in

+ Receive data, digitize, Cavern -
= u » Freprocessor
identify bunch crossing, L8] e
compute E FIFO, BCID r«:{gﬁm@
T Look-up table
2xzsum | BC-mux
¢ Send data to Cluster 9-bil jel elements Bbil (rigger lowers
Processor and Jet Energy ool inks
Processor crates e e 8 .
em-+had sum i G | 7o700-
Local processor crates: Ersun] Jormang || 27
] y ExFy |Declustering
¢ Form sums/comparisons as mns” o i oot
per algorithm, decide on ol el e —
= OF; oo
objects found s VL

L—»fiewer IEE!?MT!?@! Processor (CTP)

Global Trigger: decision

P. Sphicas CERN Summer Student Lectures 5
Trigger and Data Acquisition July 2005 3



) Lvl-1 Calo Trigger: ely algorithm (CMS)

Trigger Tower = 5x5 EM towers

Hadron Electromagnetic

Tower 72 x 54n x 2
= 7776 towers

0.0145n

Hit 0.0145n

0.087¢

) + max E(dff) > E;mn

E-(F®) / E(FBH) < HoEmax ‘Isolated

7

(1]

At least 1 E(Ch ), e, ) < Ejom ely

Fine-grain: 21 ) > R Emin
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&) Lvl-1 Calo ely trigger: perf

/S

Efficiencies and Trigger Rates

'r 559 o i 1 ’ JI’"J" I LJI.II il ol nil® t,h,_1l' lrll -
" | [ (T
0.8k 14 (18 22/ 26 30 = ’ |
g °°f g F
§ o D.B:—
E 0.4] E
0.7F
0.2} g
0 DSE I | 1 1 1 | |
-2 -1 0 , "
Electron Pt [GeV] n
102 — | "
evel-1 single e.m. 3 - -
o 2%1 Gﬁbmz?s : ‘ ‘ %gg%::::nzs;ggle e.m.
w5 '° .
[ |
= g
Q
© 2
e 1 E
-1
10 20 25 30 35 40 45 120 s .2.5. LIl 3.'0 i1 3,5 ST
Level-1 E(95%) [GeV] Level-1 E(95%) [GeV]
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™) Technologies in Level-1 sys-

ASICs (Application-Specific Integrated Circuits) used in some
cases

+ Highest-performance option, better radiation tolerance and lower
power consumption (a plus for on-detector electronics)

FPGAs (Field-Programmable Gate Arrays) used throughout all
systems

+ Impressive evolution with time. Large gate counts and operating at 40
MHz (and beyond)

+ Biggest advantage: flexibility
e Can modify algorithms (and their parameters) in situ

Communication technologies

+ High-speed serial links (copper or fiber)

e LVDS up to 10 m and 400 Mb/s; HP G-link, Vitesse for longer
distances and Gb/s transmission

+ Backplanes

e Very large number of connections, multiplexing data; operating at
~160 Mb/s
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@) Lvl-1 Calo Trigger: protot

Trigger Crate
(160 MHz backplane)

Back Front

x“
!t Links

Receiver Card
U E;Eaf‘ctﬂ;ﬁi?%figﬂ 28 Electron
i 0 i (isolation)

;120 MHz output to
| maRecelver Card - Card

.
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N Bunch-crossing identification

/S

Need to extract

quantities of the el RG] s
bunch-crossing in - e e e el
question (and identify | | | -
the Xing) xag inl7 xdg xa5| xii4 xang) xﬂig xa4| Multipliers
FIR (finite impulse T .
response filter) R 20
¢+ Feed LUT to get E; I . Rl T
+ Feeds peak-finder to atercy ) Ll f’ f ,1
|dent|fy bunCh'Xing Oul By calibration Peak Finder
. . T lookup table
+ Special handling of very
large pulses (most i T f
interesting physics...) ' T
. 8 o uiee BOID)
Can be done in an '
Saturated-pulse BCID result: 8 Out
ASIC (e.g. ATLAS) Oortullscale(258) 7 |
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o) Global Trigger -

A very large OR-AND network that allows for the
specification of complex conditions:
+ 1 electron with P;>20 GeV OR 2 electrons with P;>14 GeV OR 1
electron with P:>16 and one jet with P:>40 GeV...
¢ The top-level logic requirements (e.g. 2 electrons) constitute
the “trigger-table” of the experiment

e Allocating this rate is a complex process that involves the
optimization of physics efficiencies vs backgrounds, rates

and machine conditions
> More on this in the HLT part
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Some challenges of unprecedented scale
+ Interaction rate and selectivity
¢ Number of channels and synchronization
¢ Pile-up and bunch-crossing identification
+ Deciding on the fate of an event given ~3 us
e Of which most is spent in transportation

Trigger levels: the set of successive approximations (at
the ultimate save-or-kill decision)
+ Number of physical levels varies with architecture/experiment

Level-1 is always there, reduces 40 MHz to 40-100 kHz

¢ Level-0 may be used to (a) reduce initial rate to ~ 1MHz allow
for slightly more complex processing (e.g. simple tracking)
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