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Readout
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Detector / Sensor
Amplifier
Filter

Shaper
Range compression

Sampling
Digital filter
Zero suppression

Buffer

Feature extraction

Buffer
Format & Readout

to Data Acquisition System
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e~ Simple Example: Scintillator W

HCP3SS12 WISCONSIN
SCINTILLATOR PHOTOCATHODE ELECTRON THRESHOLD
MULTIPLIER DISCRIMINATOR
ANNNAD AN | ——p
ANV | —> \( >
INCIDENT LIGHT  ELECTRONS ELECTRICAL
RADIATION SIGNAL
F—PHOTOMULTIPLIER—D' Vi
NUMBER OF NUMBER OF CHARGE IN PULSE LOGIC PULSE
SCINTILLATION PHOTONS  PHOTO-ELECTRONS PROPORTIONAL TO
PROPORTIONAL TO PROPORTIONAL TO ABSORBED ENERGY
ABSORBED ENERGY ABSORBED ENERGY

from H. Spieler “Analog and Digital Electronics for Detectors”

Photomultiplier serves as the amplifier
Measure if pulse height is over a threshold
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Filtering & Shaping W

HCPSS12 WISCONSIN
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Purpose is to adjust signal for the measurement desired
 Broaden a sharp pulse to reduce input bandwidth & noise
« Make it too broad and pulses from different times mix
« Analyze a wide pulse to extract the impulse time and integral =

Example: Signals from scintillator every 25 ns
* Need to sum energy deposited over 150 ns
* Need to put energy in correct 25 ns time bin
« Apply digital filtering & peak finding
» Will return to this example later

. a0 , MNeutsal filter (0,0,0,64,0,0) - Piltm(—64,’—64,0,4!),48,40),. 20 ' Fiiter(—64.—64,’0,40.43,40). ‘
In the trigger path, digital filtering | rem— ol [remE
followed by a peak finder is applied .t “f

to energy sums (L1 Filter)

Efficiency for energy sums above 1 f
GeV should be close to 100%

(depends on electronics noise) ; o

Pile-up effect: for a signal of 5 GeV the
efficiency is close to 100% for pile-up
energies up to 2 GeV (CMS)
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Sampling & Digitization W

HCPSS12 WISCONSIN

Signal can be stored in analog form or digitized at
regular intervals (sampled)

« Analog readout: store charge in analog buffers (e.g.
capacitors) and transmit stored charge off detector for
digitization

 Digital readout with analog buffer: store charge in analog

buffers, digitize buffer contents and transmit digital results
off detector

 Digital readout with digital buffer: digitize the sampled signal
directly, store digitally and transmit digital results off
detector

« Zero suppression can be applied to not transmit date
containing zeros

» Creates additional overhead to track suppressed data

Signal can be discriminated against a threshold

» Binary readout: all that is stored is whether pulse height was
over threshold
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Rather than have a linear conversion from
energy to bits, vary the number of bits per
energy to match your detector resolution and
use bits in the most economical manner.

* Have different
ranges with
different nos.
of bits per pulse
height

* Use nonlinear

functions to
match resolution

Range Compression
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HCP3$S12

Wish to measure the
integral of an
individual pulse on
top of another
signal

 Fit slope in regions
away from pulses
* Subtract integral

under fitted slope
from pulse height

Baseline Subtraction

TTTTTTTTTTTTT

WISCONSIN
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BN A wide variety of readouts

Front-end readout. Digitizers and pipelines (CMS)

9000 channels
06 milkon poosds OClm ST 1 30000 striplanade
: oy o I
1 500000 tubes
fhl ! GOLT Packer % ------
| K m
Hd— i .| GoL g :
- L 4 Acrony
4 3 V1 = {
GO,
§ LVDS-GOL
5 Spittor
B 3
: 2 ) : i gg
i : : g g £ g 58
e ip S g 5P g H: S
T T 5 ey 8 # L 8883s
= = L) & < & < FRRIRR
< ¥ s - 3 ® 3 ’
g g ® H . IO |0
: § 2 8| 3 8 & 33858
s | i | | e
DDC DDC | DDC , DDC DDC .
FED FED | FED - FED J |HFED | FED FED
36 442 | 50 : 24 5 3 4 36 8
. ), y r 7 7 4
Pixel  Tracker PreShower ECAL HCAL uDT MRPC uCSC L1-Trigger
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Triggering W

HCPSS12 WlSCONSIN
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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 :
==
.' | ‘ REJECTED
| | ACCEPTED

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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LHC now

Beam Energy

HCPYS12

(ToV) 7 3.5 3.5 4
Bunches/ 2835 368 1380 1380
Beam
Bunch
Proton/Bunch
(10") 1.15 1.3 1.5 1.5
Peak Lumi. Proton

(102 om2 1y | 100 2 30 60

:_nl}ren% ra(];g-c1j ) 100/yr | 0.036 6 15 Parton y e/ :
' (quark, gluon) w o
Pile-Up 23 ~1 20 30 a
. 1“\ fﬁ Iuﬁ/’
Pile-Up — the number of proton e
interactions occurring during each aiele %
bunch crossing *expected value jet
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Proton-Proton 2835 bunch/beam
Protons/bunch 10"
Beam energy 7 TeV (7x10"2 eV)

Luminosity 10%** cm? s’
LLade’, TR :
Bunch R gt Crossing rate 40 MHz

Proton c e with every bunch crossing

23 Minimum Bias events
é‘“ with ~1725 particles produced
<

Parton
(quark, gluon)

Selection of 1 in
10,000,000,000,000

Particle
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Beam Xings: LEP. TeV, LHC W

HCPSS12 WlSCONSIN

LHC has ~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- Crossmg rate 30 kHz
| I i

- \I Tevatron Run |
i I

tron Run I
: B

LHC: pp Crossing rate 40 MHz

I 0 0 1T 10 10
25ns
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LHC Physics & Event Rates W

HCPSS12 WISCONSIN
At design L — 1034cm-28-1 bar: LHC  +vs=14TeV B L=10%cm2s™ | rate Z:f;"ﬂ?;
« 23 PP events/25 ns Xing G inelastic LV1 input Qa2 ﬁ%"’ b
*~ 1 GHz input rate o
mb = i -10
*“Good” events contain N . I
~ 20 bkg. events ol P
max inpu Y
* 1 kHz W events o | s 1o
* 10 Hz top events N {knz <10 10
. ; i max HLT output - 10°
- < 104 detectable Higgs , *#". i et
decaysl/year LR

gg—Hg,,

Can store ~ 300 Hz events J10°

—=qqHg, x j‘lns
Select in stages N L
- Level-1 Triggers D \ :
*1 GHz to 100 kHz L ﬂ Hay—~2Z" 4l \

 High Level Triggers 21 scalar LQ

50 100 200 500 1000 2000 5000

*100 kHz to 300 Hz particle mass (GeV)
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Collisions (p-p) at LHC

WISCONSIN
LHC Vs=14TeV L=10"cm’s’ Event Rate ev/year o
10 Operating conditions:
gaizs Event rate p[6Hz 310 good: event (e.g Higgs in 4 muons )
inelastic - : i 0 o)
10
k— bb fo ™
MHz 410 ' giibiies
||||II||'|'|-:||”|||'.--+
10 12 ”“””ILIH
10 1
kHz
Hz
| mHz K .
| Reconstructed tracks with pt > 25 GeV
O\ T Event size: ~1 MByte
"7 i 3 r ,1_> -
o P ns Processing Power: ~X TFlop
50 100 200 500 1000 2000 10°

jet Er or particle mass (GeV)

—

Wesley Smith, U. Wisconsin, August 13,14 2012
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Processing LHC Data W

HCP3S12 WISCONSIN
Rate (Hz) LEVEL-1 Trigger 40 MHz
QED § Hardwired processors (ASIC, FPGA)
: —— 71 MASSIVE PARALLEL
Pipelined Logic Systems
1 1
i 1

10 A PR |
w2 A AN
Top 10°- —hﬁ; j;fijéi—)é& jé

e A
Higgs S NER fé* T

10~
HIGH LEVEL TRIGGERS 100 kHz
Standard processor FARMs
104 25 ns =I5 ms sec
e T T | ] | 1 [
10 10¢ 107 102 10° =

Available processing time
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HCPYS12

LHC Trigger & DAQ

Challenges

40 MHz

COLLISION RATE

DETECTOR cHANNELs | |6 Million channels
3 Gigacell buffers
b B N
Charge Time  Pattern Energy Tracks

100 - 50 kHz

1 Terabit/s
READOUT

50,000 data |

channels

500 Gigabit/s

SWITCH NETWORK

300 Hz
FILTERED

BN

EVENT
Gigabit/s

Computing Services

SERVICE LAN

- 1 MB EVENT DATA

i 200 GB buffers

~ 400 Readout
memories

EVENT BUILDER.

A large switching network (400+400
ports) with total throughput ~ 400Gbit/s
forms the interconnection between the
sources (deep buffers) and the
destinations (buffers before farm
CPUs).

~ 400 CPU farms
EVENT FILTER.

A set of high performance commercial
processors organized into many farms
convenient for on-line and off-line

applications. 5 TeraIPS
Petabyte ARCHIVE

TTTTTTTTTTTT

AAAAAA

Challenges:

1 GHz of Input
Interactions

Beam-crossing
every 25 ns
with ~ 23
interactions
produces over
1 MB of data

Archival
Storage at
about 300 Hz of
1 MB events

Wesley Smith, U. Wisconsin, August 13,14 2012
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Challenges: Pile-up @

AAAAAA

HCPSS12
m “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

identification” - :
/‘s& super— 7[ N In+Out-of-time

In-ti \ pulses
XY pE]s;me ::> i

0
Impose / \EM

5 4 3 2101 2 3 45 6 7 8 910 1 12 13 14 15 16 17 $ 4 32414901 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20
t (25ns units)

t (25ns units)

pulse shape
pulse shape
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L of Flight YV

HCP$S12 WISCONSIN

MADISON

c=30cm/ns - in25ns,s= 7.5m

Muon Detectors Electromagnetic Calorimeters

\
K \

Forward Calorimeters

Solenoid
/ End Cap Toroid

N

Barrel Toroid Inner Detector ) . X
Hadronic Calorimeters Shielding

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 18



LHC Trigger Levels W

AAAAAA

107 s Collision rate 10° Hz
J Channel data sampling at 40 MHz

Level-1 selected events 10° Hz

Particle identification (High p, e, p, jets, missing E,)

* Local pattern recognition

* Energy evaluation on prompt macro-granular information

Q

106 s

Clean particle signature (Z, W, ..)

* Finer granularity precise measurement

* Kinematics. effective mass cuts and event topology
* Track reconstruction and detector matching

f?/ Level-2 selected events 102 Hz
h

103 s

P il
} Level-3 events to tape 100- 400 Hz
O Physics process identification

/! e Event reconstruction and analysis
10°s

v :

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 19




Level 1 TriggehOperation 0

Local level-1 Global
Primitive e, g, jets, y Trigger

s s

e
__=__

HCPSS12

- 40 MHz Clock
- Level-1 Accept
- Controls

Trigger Front-End Digitizer
Primitive Generator T

Pipeline delay ( = 3 us)

Accept/Reject LV-1
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ms® Level 1 Trigger Organization @

HCRSSTE WISCONSIN
- | Clock | Clock 25 1S 1P| Clock | Clock
S, | Detector
g Signals
§ DIGITIZATIONS
5 Tens of thousand
‘8' inputs
© TRIGGER PRIMITIVE
2y GENERATORS —
Thousands inputs
Pipeline system REGIONAL TRIGGERS i

Frequency 40 MHz

Trigger latency 128 clock periods

128 events are processed in parallel
Feed-forward algorithms (no backward loops)
Highly distributed

Data in each computing step must belong to the same BC

WHAT'S NEW
Scale Low latency

Tens inputs

SUB-DETECTOR TRIGGER

Few inputs

Algorithm complexity High speed serial links
Short bunch spacing Extensive use of ASICs

Speed and FPGAs

GLOBAL TRIGGER

Wesley Smith, U. Wisconsin, August 13,14 2012
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HCPYS12

Trigger Timing & Control W

THE UNIVERSITY

WlSCONSIN

MADISO

TTC system pistriBUTION of:

C clock

(B Y Tn er-1 acceptance
Nlwon S AT e ek, o Akirassed _ Control signale.
et : | Lt scespt | ENGODER| g R %un{: crnsgmgtﬁumhm : .
—| GLOBAL TRIGGER ———» —irols Opthal SyStem.
i i
[ Lacen | B s Single High-Power
T Tk CoURLER 1 e Laser per zone
[TTTTEN P

|
TRIGGER

OFTICAL DISTRIBUTION BACKBOME | = 1000 fibres)

CLOCK
PRIMITIVE
GENERATOR | !
CONTROLS S
i "
RECEVER |
o FRONT-END
COMPENSATION of: SIS
- Particle TOF il b, R

- Detector and Eleclronics 4
& Pmpagdlmn delays (= 200 ps)

* Reliability, transmitter
upgrades

» Passive optical
coupler fanout

1310 nm Operation

* Negligible chromatic
dispersion

InGaAs photodiodes

 Radiation resistance,
low bias

Wesley Smith, U. Wisconsin, August 13,14 2012
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Detector Timing Adjustments W

HCPYS12

WISCONSIN
el Need to Align:
T . - Detector pulse
10000 trigger links *_Testsignals w/collision at IP
* Trigger data w/
s readout data
o @ Total latency  ° Different
Global Level 1 of the order of -
; g |oheo detector trigger
RE —» data
Controls — T1T1C %Cg + w/each other
| | D*{ —'f 10° readout ks, BlIneh Crossing
10000 TTC links and FE systems e eadout Number
* Level 1 Accept
. - ~ Number
. Signal-Data coincidence @ Programmable delays {25ns units)

D Layout delays (cable, electronics...) @ Clock phase adjustment (~100 ps units)

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 23




L Synchronization Techniques W

HCPSS12 WISCONSIN
81 BUNCHES 950 ns
55 ns DISTANT (38 MISSING BUNCHES)
220 ns 317 us
(8 MISSING BUNCHES) 127 MISSING

BUNCHES)

L1|2 3| 4l 51 6!l 7 81 910!l 11 12‘
F

88.924 us
2835 out of 3564 p bunches are full, use this pattern:

: Hit | Histogram #hits g
Farticle T versu% BX count” | _.ELEL
Collision T
— @ — 40 MHz | [ [ l

Cross correlate g(t)h(z-t)dt

A

Bunch pattern

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 24



ATLAS & CMS O

e

para  ITrigger & Readout Structure viscosi

AAAAAA

I -+— —FI I - 3 i
= 30 Collisions/25ns 25 ns Luminosity 1'3 cm* sec

[ 10 ® event/sec )
— fpa— m—
107 channels Fell
(10 '¢ bit/sec) . ; '
Detectors Detectors

@ Front end pipelines @ Front end pipelines
@ Readout buffers Readout buffers

- Switching network Switching network

@ Processor farms Processor farms

ATLAS: 3 physical levels CMS: 2 physical levels

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 25




HCPYS12

ATLAS Three Level Trigger ()

Architecture WISCONSIN

Interaction rate
~1 GHz

CALO MUON TRACKING

Bunch crossing

rate 40 MHz
THGOER
2.5 us
< 75(100) kHz

Pipeline
memories

Derandomizers

Regions of Interest

LEVEL 2

~10 ms TRIGGER

4

~ 1kHz

<ol (Il

Readout buffers

(ROBs)

Event builder

~ gec. EVENT FILTER
~ 100 Hz

@

e

Data recording

Full-event buffers
and
processor sub-farms

Readout drivers
(RODs)

AAAAAA

LVL1 decision made with
calorimeter data with coarse

granularity and muon trigger
chamber data.

- Buffering on detector

LVL2 uses Region of Interest
data (ca. 2%) with full
granularity and combines
information from all detectors;

performs fast rejection.
- Buffering in Readout Buffers

EventFilter refines the
selection, can perform event
reconstruction at full
granularity using latest
alignment and calibration data.

- Buffering in EB & EF

Wesley Smith, U. Wisconsin, August 13,14 2012
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HCP3$S12

Level-1
Trigger

Detector Frontend

CMS 2-Level Trlgger & DAQ W

Event

Manager

Builder Networks

WlSCONSlN
Data — The Lv1-
| Trigger — Accept
Back Pressure decision
causes the
Readout readout
system to
SyStemS respond with
backpressure
information.
Run
Control

Filter

Interaction rate: 1 GHz
Bunch Xing rate: 40 MHz

Computing Services

Level 1 Output: 100 kHz

Systems| siorage Output: ~ 400 Hz

Avg Event Size: ~ 0.5 MB

Data production ~ 1 TB/day

Lv1 decision is distributed to front-ends & readout via TTC system (red).
Readout buffers designed to accommodate Poisson fluctuations from 100 kHz Lv1

trigger rate.

Wesley Smith, U. Wisconsin, August 13,14 2012
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Present ATLAS & CMS m

TTTTTTTTTTTTT

AW Level 1 Trigger Data Wisconsi
MUON System

Segment and track finding

Use prompt data (calorimetry
and muons) to identify:

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

CALORIMETERSs

Cluster finding and energy
deposition evaluation

New data every 25 ns
Decision latency ~ ys

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 28



Present ATLAS & CMS L1:
HCPES12 Only Calorimeter & Muon  viscowi

MADISON

sy e :“::_

High Occupancy in high granularity tracking detectors

Pattern recognition much Compare to tracker info
faster/easier i E_W 7 ,,

Hadron Electromagnetic

Complex

Algorithms
Simple Algorithms Huge
Small amounts of data amounts of

data

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 29



HCPYS12

Process reduced granularit
data from calorimeter an
muon detectors

*Trigger decision based on
object multiplicities

*Generate L1A and send via
TTC distribution to detector
front-ends to initiate
readout

Maximum round-trip latency
2.5 us

« Data stores in on-detector
pipelines
ldentify regions-of-interest
(Rol) to seed L2 trigger

Custom built electronics

*Synchronous, pipelined
processing system
operating at the bunch
crossing rate

Calorimeters:

Present ATLAS L1 Trigger W

AAAAAA

Muon Detectors;\

{:TEPFOCESSOI]

¥ X

|
@ @)
4 p

Processor

Cluster Jet/Energy
Processor
ely, t/h jets, E;

Muon Muon
Barrel Endcap
Trigger Trigger

N ¥

Muon-CTP
Interface

|

Central Trigger
Processor

l

Detector readout

L2 supervisor
J

Wesley Smith, U. Wisconsin, August 13,14 2012
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BN Present CMS L1 Trigger System 0

HCP4S12

EEEEEEEEEEEEE

>< WISCONSIN
Lv1 trigger is based on = Calorimeters: Muon Systems:
calorimeter & muon 5 ; :
detectors. % HCAL ECAL rec | csc [ ot
At L1 trigger on: :\[, energy energy energy hits hits hits
* 4 highest E, e*ly .
. . |gger
e 4 h!ghest Et central j?ts gggltwe Regmnal [s?_:?.'rgeernt 5%%?:?]
* 4 highest E, forward jets Cal. Trigger Pattern
. . DAQ quiet Comp-
4 highest E, tau-jets regions ol
+ 4 highest P, muons | p— e ot
For each of these objects input Calirigesrsy ~ ., T 1
rapidity, 11, and @ are also -~ A Cloea o0 T ger)
transmitted to Global tﬂﬂtﬂg;rs
Trigger for topological cuts - TRK,ECAL,
& so Higher Level Triggers ~{Global Trigger LERCA S HCAL MU

can seed on them.

Also trigger on inclusive
triggers:

- E,, MET, H,

Wesley Smith, U. Wisconsin, August 13,14 2012

Generate L1A and send via TTC distribution to
detector front-ends to initiate readout
Maximum round-trip latency 4 us

Data stored in on-detector pipelines
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Present LHCb Trigger & DAQ W

HCPSS12 WISCONSIN

wwe || ) LevelO:Hardware

Both Software Levels run on
L0 =0 commercial PCs
e,y had u
Level-1:
™ ™

o - Input: 4.8 kB @ 1.1 MHz
» uses reduced data set: only part of

Level -0

iy,

g the sub-detectors (mostly Vertex-
=) detector and some tracking) with
= limited-precision data
% 30kHz  Global reconstruction - reduces event rate by selecting
— Inolusive selections events with displaced secondary
_'5) ﬁ u, uttrack, uu, topological, vertices
T = charm, ¢ High Level Trigger (HLT)

" Input: 38 KB @ 30 kHz

|(:5) kHz l - uses all detector information
Storage: “nominal” event size ~35kB . output 3 kHz for permanent Storage

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 32
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HCPYS12

Interaction rate
Pb-Pb 8 103 Hz
P-p 105 Hz

Trigger Level 1
Pb-Pb 4000 Hz
pp 1200Hz
1.2us2.7us

Trigger Level 2

Present Alice Trigger & DAQ

RolP

(Trigger|
Data

P

- FMD {v0, TO,
- Zero-Degree Calorimeters
-Muon Trigger Chambers

- Transition Radiation Detector

LTC
ol Dat: »
Roll
L1,
TZa, L2r

Pb-Pb 20 Hz central + 20 Min. Bias +
650 Hz dimuon + 200 Hz diel.

5.5 -100 us
pp GS00Hz

DAQ Services

3 decision levels:

LTC

Rall

LTC|

BusyT TTC
Inner
Tracking FEE

System

0

THE UNIVERSITY
1)

WISCONSIN

MADISON

LO: 1.2 ys, L1:6.5 us, L2: 88 us

LT|

b

LTU

Muon
Tracking
Chamb

BusyT TTC

FEE

LTC LTC ;
Roll (|TTCVI Rall 'I'I'GM|
LTU |rn:.x LTU |Hw
Busy T TTC Busy T TTC
Transition Time
Radiation FEE Projection FEE
Detact, Chamb:

HLT FARM

Run
Control
Configuration
Data-base
Error
Logging
Facility (
P;r::g;:;e 255 GBytesisec. Pb-Pb run
500 MBytes/sec. p-prun
Event ' ' ' Ds|
Distribution r e = R BeE
Manager i [ ] [
* ‘ * FCL
Load balancing
To LDCis ' v STL %
1250 MBytesisec. Pb-Pb run B
100 MBytesisec. pp run ( Data Storage Network )
[ eos | [eos ] [eos |

Parallel decisions at each level
- different groups of detectors (clusters) are reading out different events at same time

S

=

=

[ 5]
g o)

Wesley Smith, U. Wisconsin, August 13,14 2012
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[ Architecture

40 MHz

MuTrCh

40 MHz

Other detectors

specialized h/w e oot ] el TN
asics LV sl ‘3” S—
FPGA B ST
L1 S Lvl1 ac¢ = 75 kHz
75 kH j
z
Rol data = 1-2%
Rol
~10 ms
Rol Builder LVL2 fequlﬂ.
L2 Supervisor ' H ROIB
ROS
L2 N/work
L2 Proc Unit
~2 kHz I— Lvi2 ac¢ = ~2 kHz i
) ~Sec o
T  Event Filter o
s EB
Event Filter t
Processors {ﬁ
EFacc = ~0.2MeH= \ J
~ 200 Hz

iy ATLAS Trigger & DAQ

SOrm>»—4>0

THE UNIVERSITY

WISCONSIN

MADISON

DAQ 1PB/s

FE Pipelines

Read-QOut Drivers

120 GB/s
Read-Out Links

Read-Out Buffers

Read-Out Sub-systems

~2+4 GB/s

Dataflow Manager
Event Building N/work

Sub-Farm Input
Event Builder

Event Filter N/work

Sub-Farm Output

~ 300 MB/s

Wesley Smith, U. Wisconsin, August 13,14 2012
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ATLAS Level-1 Trigger -

Muons & Calorimetry Wisconsin

MADISON

TGC 2 -~
I TGC 3
M
D
RPC 1 T
TGCEl low p_ =z =)
T i L~
[ f,’ /! MO | | Toroid ::-' @ @
f i 1 7 .
Tile Calorimeter TGCFI Gz Hadronic
I | i calorimeter
- D g .
high
/// - gne, Electromagnetic
% calorimeter

EX-LLOTVos
e

Trigger towers /(An xAp=01x0.1)

0 5 10 15m 1 [ .
Vertical Sums Electromagnetic

— [ isolation <e.m.
I isolation threshold

Muon Trigger looking for Horizontal Sums Hadronic isolation
coincidences in muon trigger De-cluster/Rol region: . <Inner & outer o
chambers
2 out of 3 (low-py; >6 GeV) and Calorimetry Trigger looking for e/y/t +
3 out of 3 (high-py; > 20 GeV) jets

+ Various combinations of cluster
Trigger efficiency 99% (low-p;) and sums and isolation criteria

98% (high-p+)

. EETem,had , ETmiss
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HCP3$S12

AAAAAA

Ehvglllj_le:D(O.ZxOQ) ERAVSILIJ_I?D(OA x0.1) up to 2 u candidates/sector
(208 sectors in total)
~7\%)0 calorimeter tr/'éger towers O(1M) R%C/'%C channels

Calorimeter trigger | / \ Muon
Pre-Processor Muon Barre Mugn End-cap
(analogue - E;) Trigger rigger
; / / \

Jet/ Energyi Cluster Processor Muon-CTP Interface
sum Processor (ely, t/h) (MUCTPI)

/ Multiplicities of u

o Central Trigger
Multiplicities of e/y, t/h, Processor for 6 p; thresholds
jet for 8 p; thresholds (CTP)
each; flags for 2E, ZEr | Timing, Trigger, LVL1 Accept, clock,
), E;™ss over thresholds; Control (TTC) trigger-type to Front End
multiplicity of fwd jets systems, RODs, etc
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Rol Mechanism W

HCPSS12 WISCONSIN

AAAAAA

LVL1 triggers on high p; objects

e Calorimeter cells and muon
chambers to find e/y/t-jet-u
candidates above thresholds

LVL2 uses Regions of Interest as
identified by Level-1

» Local data reconstruction, analysis,
and sub-detector matching of Rol data

The total amount of Rol data is
minimal

« ~2% of the Level-1 throughput but it has to
be extracted from the rest at 75 kHz
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CMS Trigger Levels

WlSCONSlN

Level-1. Specialized processors 4
- Particle identification: high p, electron, RS
muon, jets, missing E, ImmE

- Local pattern recoqg niﬁnn and energy
evaluation on prompt macro-granular =
information from calorimeter and muon J

detectors

Level1 |+|  DeteclorFrantend |

Ewani
Idamager

High trigger IE“EE:‘ljjfb[hﬁ_ﬁljj
[

Sywiteh

Network and CPU farms EOAmD S Cad |
- Clean particle signature
Up to 100 kHz - Finer granularity precise measurement
- Kinematics. effective mass cuts & event topology
- Track reconstruction and detector matching
- Event reconstruction and analysis ~ 400 Hz
I
J

Lewal 1
Tripmar

[ Computing Services ] *
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HCP3$S12

Overall Trigger & DAQ Architecture: 2 Levels:

Level-1 Trigger:
* 25 ns input

CMS Level-1 Trigger & DAQ

0

AAAAAA

Level 1
Trigger

Detector Front-Ends

h

I

|
_L[III]_I_ Readout
Systems

b 4

Control
bd

Builder Network 100 GB/s

!
O
x
=
%

¢

egions

N I’
,_l_L:

arator

& mip

° Event
3.2 ps latency 1| werager
[HF J [HCAL] ECALJ [RPC ]_{csc’ [ DT
—J) | energy energy energy hits hits i
! \. L
g segment
e _ -
Gata Regional finder | | finder
Cal. Trigger Pattern } AA 4
quiet Comp- | ,;: E |

Global bits
input | Cal Trigger J' ~ _
data ~ sy
trigger
objects

Global Muon Trig ger ]

[ TTC System

"'[Glubal Trigger

TRK,ECAL,
HCAL ,MU

“~

and
S

Monitor
Computing Services

Filter
" II Systems

Interaction rate: 1 GHz
Bunch Crossing rate: 40 MHz
Level 1 Output: 100 kHz
Output to Storage: 400 Hz
Average Event Size: 1 MB
Data production 1 TB/day

Wesley Smith, U. Wisconsin, August 13,14 2012
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'r Processing W

WISCONSIN

MADISON

L1 Level 1 Trigger
@100 (L1A)

kHz
Regional
CaloTRIGGER

Global TRIGGER
<«—— Trigger Tower Flags

(TT) Trigger Concentrator Card
I Synchronisation & Link Board
i Clock & Control System
Selective Readout _
Flags (SRF) Selective Readout Processor
/A Data Concentrator Card
~ DAQ
|

I I Trigger Control System

From : R. Alemany LIP
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ECAL Trlgger Primitives W

HCPSS12 WISCONSIN

© Neatral filter (0,0,0,64,0,0) Filter (-64,-64,0,40,48,40), w b Filter (64, 640404:?5’0)'””
In the trigger path, digital filtering .t s e [ am—
followed by a peak finder is applied -: “f
to energy sums (L1 Filter) wE =E
Efficiency for energy sums above 1 “: ) “F
GeV should be close to 100% "t o
(depends on electronics noise) b |

Pile-up effect: for a signal of 5 GeV the
efficiency is close to 100% for pile-up  Test beam results (45 MeV per Xta|);
energies up to 2 GeV (CMS)

[ Bunch Xssing Assignment Efficiency |

One 5x5 Trigger Tower
2 . A A A ®
c - A = ' ' Finite TPG precislon
2 asl ’\ o | e E|°°tf°"i¢ noise. Addi Ionat electronic noise -
E L A 2 ‘
ol 2
8 o0 &
o
g 06 o
c
m -
- ;
8 04—
- B
1) -
c
= <
m 0.2}
:1 : L IInstrmsnc Energy fluctuatlons (MC)
. | L " A s 1 L " L . | L A L L gegge gy L
o 5 10 15 20 020406080100120140160180200
Energy (GeV) Energy (GeV)
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CMS Electron/Photon Algorithm W

HCPSS12 WISCONSIN

AAAAAA

Trigger Primitive Generator

Finegrain  FlagMaxof (£ , & , & , 5)&SumET|

Regional Calorimeter Trigger

E,cut sf]j‘”“-i- Max ( ] ) > Threshold
Ll |
AN i
Longitudinal cut (H/E) EHE) / |1 <0.05
~_ AND
Isolation, Hadronic & EM n <2 GeV
AND
One of ( ; , ﬁl— —J) <1 GeV
=) -

¥
ELECTRON or PHOTON
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CMS t / Jet Algorithm W

AAAAAA

HCPYS12

Trigger

Input from E/HCAL.:
Programmable 8-bit
non-linear scale
Converted to linear scale
and summed to obtain
10-bit range jet/t E,

PbWO4 frr SRl Tower is active if EM E_> 2 GeV
Eiystnl - > or HD E, > 4 GeV
< An,A¢ = 0.348 t-veto set if none of the above
An,A¢ =1.04 activity patterns seen within 4x4

JetortE,
*12x12 trigger tower E_sums in 4x4 region steps with central region > others

« Larger trigger towers in HF but ~ same jet region size, 1.5n1x 1.0 ¢
t algorithm (isolated narrow energy deposits), within -2.5<n <2.5
* Redefine jet as t jet if none of the nine 4x4 region t-veto bits are on

Output
*Top 4 t-jets and top 4 jets in central rapidity, and top 4 jets in forward rapidity
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CMS Muon Chambers W

HCPSS12 WISE(I)SIO\INSIN
£ 800 DT Single Layer
5 eta=0.8 RPC 104 .12
. i "_Reduced RE
system
MB3 oo - | < 1.6
MB2 =t 6
*RP I '
MB1 40 /
*Double
Layer;; 2 1
200 24
100 ME4/1
1]
1200
Z (cm)
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Muon Trigger Overview W

HCPYS12

WISCONSIN
ml <12 o7 0.8 <Inlggg ]Inl <2.4 rpc Nl < 2.1 |
0 hits hits hits M| < 1.6 in 2007
5 : : “ y
. local trigger local trigger
c ” K PAttern
o trac Ssengents trac 6segn'éents Comparator
C>5 ((D’ (D.» nv T]) (q)v q)v n, n) Trigger
O * * <4 barrel +
0 F N <4 endcap
O regional trigger regional trigger muohn candidates
n Barrel Track Finder Endcap Track Finder (Pt, M, 0, quality)
? <4 muon candidates <4 muon candidates
= (Pt M, 0, quality) (Pt M, ¢, quality)
O
¢ Y Y l
®))
S Global Muon Trigger
S <4 muons
8 (Pt M, ¢, quality)

Y
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CMS Muon Trigger Primitives W

HCPSS12 WISCONSIN

AAAAAA

RPC pattern recognition
- Pattern catalog

- Fast logic el

MS1 MS2 MS3 MS4
i @

) sl €201 ] B WS |
| [ [ [ P U N S

b Ve 0 G T B

Memory to store patterns

Fast logic for matching

FPGAs are ideal
DT and CSC track finding:
- Finds hit/segments S v b
- Combines vectors s s
- Formats a track Sk agnéipan = sog
- Assigns p, value e B Nl T
t €= k‘x\/
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TRy s

HCPSS12
Drift Tubes (DT)
Drift Tubes
| de=—ry | .
D | V=X |
| 2w/ | .
B | /—>1 |

Meantimers recognize tracks
and form vector / quartet.

=

Ol |
T=e
|

| B
|
| OISO O
T =

2
| I o 1 &1
| BTN OO OO A
| L W O |
| N T WY 4 RO

{

Correlator combines them
into one vector / station.

Match with RPC

-

I
- [ .

i CMS Muon Trigger
Track Finders

0

THE UNIVERSITY

WISCONSIN

AAAAAA

Cathod Strip Chambers (CSC)
CSC

- o

.........

| —

| Sort based on P+,

B — .
g e Quiality - keep loc.
R i, A o .
ol Combine at next level
v - match
Comparators give 1!21-strip resol.Sort again ) Isolate?
L.
————t——= Top 4 highest P; and
g . .
i quality muons with

Hit strips of 6 layers form a vectolOcation coord.

Improve efficiency and quality

Wesley Smith, U. Wisconsin, August 13,14 2012
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CMS Globﬂ'rigger W
HCPSS12

Input:

«Jets: 4 Central, 4 Forward, 4 Tau-tagged, & Multiplicities
*Electrons: 4 Isolated, 4 Non-isolated
*4 Muons (from 8 RPC, 4 DT & 4 CSC w/P, & quality)
* All above include location inm and ¢
*Missing E_ & Total E;
Output

L1 Accept from combinations & proximity of above

Detector
Front-Ends

Trigger
Control
System
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THE UNIVERSITY

o Global L1 Trigger Algorithms

Particle Conditions

WISCONSIN

MADISON

Logical Combinations

eis,“] 2 P 2N
Ex{1)> Ex(l )lhn:shuld 8js.
E'l(:) > E,Hl,lhrcshnld 8jg
0° < ¢(1) < 360°
0° < @(2) < 360° ‘) 4 OR
170° < (1) - D20 < 1907 7 b
Vg
~ s L
Emessmg ETrmssng
Erle 1> E.I.',_.“v,lhﬂ‘.‘hﬂu E,l,mimng > E,I,lhmhnld prie) > py ()threshold
Particte Canditions Particle Condition for Particle Conditions
for isolated electrons | | missing Et for muons
i ) - L S
(1) pre1) > py(hyhreshold [
P{(2) > pr(2)threshold N\ AN
OV < (1) < 260V
0F < ¢(2) < 360°
170° < 1a(1) - 0(2) < 190° s
SO = 1, 1SO(2) = 1
MIP(1) =1, MIP(2) = | ALGORITHM AND-OR
SGN(1)=1,SGN{(2) = -]
% ) b S

Flexible algorithms implemented in FPGAs
100s of possible algorithms can be reprogrammed

Wesley Smith, U. Wisconsin, August 13,14 2012
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HCPSS12
Detectors

Front-end pipelines
(107 channels)

Readout buffers
( 1000 units)

Event builder
(10° x 10° fabric switch)

Processor farms
(4 10 ¢MIPS)

High level triggers. CPU farms

* Finer granularity precise measurement

» Clean particle signature (n°-y, isolation, ...)

- Kinematics. Effective mass cuts and topology
* Track reco and matching, b,t-jet tagging

* Full event reconstruction and analysis 4

h Level Trigger Strategy W

AAAAAA

Hz

Successive
improvements :
background
event filtering,
physics selection

Wesley Smith, U. Wisconsin, August 13,14 2012
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Data to surface:
Average event size 1 Mbyte
No. FED s-link64 ports > 512
DAQ links (2.5 Gb/s) 512+51
Event fragment size 2 kB
FED builders (8x8) = 64+64

DAQ unit e
(1/8th full system): " ([

Lv-1 max. trigger rate 12.5 kHz
RU Builder (64x64) .125 Tbit/s
Event fragment size 16 kB
RU/BU systems 64
Event filter power = 5TFlop

HLT: All processing beyond Level-1 performed in the Filter Farm
Partial event reconstruction “on demand” using full detector resolution

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 51




Start with L1 Trigger Objects W

HCPSS12 WISCONSIN

Electrons, Photons, t-jets, Jets, Missing E;, Muons
 HLT refines L1 objects (no volunteers)

Goal
 Keep L1T thresholds for electro-weak symmetry breaking physics
 However, reduce the dominant QCD background
 From 100 kHz down to 100 Hz nominally

QCD background reduction
« Fake reduction: e, y,t
* Improved resolution and isolation: u
« Exploit event topology: Jets
» Association with other objects: Missing E;
« Sophisticated algorithms necessary

 Full reconstruction of the objects

 Due to time constraints we avoid full reconstruction of the event - L1
seeded reconstruction of the objects only

 Full reconstruction only for the HLT passed events

Wesley Smith, U. Wisconsin, August 13,14 2012
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HCP3S12

“Level-2” electron:
« Search for match to Level-1 trigger
« Use 1-tower margin around 4x4-tower trigger region

 Bremsstrahlung recovery “super-clustering”
« Select highest E; cluster

Bremsstrahlung recovery:
 Road along ¢ — in narrow n-window around seed

« Collect all sub-clusters in road — “super-cluster”

search i'\Ltep 1x5 domino
- > / .
1x3 domino

Events

super-clugter,

seed crystal - / o
~
\\ basic cluste
d 102 \
BN
n
A 10
sub-cluster sub-cluster ! L ) . )
0 02 04 06 08 1 12

E_.../E

meas’ —true

> 0
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fi® CMS tracking for electron trigger W

HCPSS12 WISCONSIN
Present CMS electron HLT (00
P |
" — )
& 10%*/cm?/s
>
E I'p e fo @ 95
A the pixel layers 9
a w'  andlook for % £
Nominal vertex (8,8,8) compuatible hits H ¥
a) b) © - .
—_— T Ol < 2.1
2 Inl < 2.5
;i :
7 Ifahitis foand, Predict 85
s extimate 7 vertex a new frack -
and propagate -
Q) ) Estimated vertex (8,8,3)
80g 10 15 20 25

Factor of 10 rate reduction

v: only tracker handle: isolation

* Need knowledge of vertex
location to avoid loss of efficiency |

Jet rejection

n=1.5

Wesley Smith, U. Wisconsin, August 13,14 2012
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t-jet tagging at HLT W

HCPSS12 WISCONSIN
t-jet (E,7¢'> 60 GeV) identification (mainly) in the tracker:

MADISON

Hard track, p,/™*> 40 GeV, within AR < 0.1 around calorimeter jet axis
[solation: no tracks, p,> 1GeV, within 0.03 < AR < 0.4 around the hard track

For 3-prong selection 2 more tracks in the signal cone Ar<0.03

QCD jet rejection from isolation and hard track cuts

>
o
c -3
QL10
E2
§® i _
:13 ”E’ th —A. H—2>rr —> 27T jat
T 8 S R 60 fb™!
a § E{(mA‘=<00Ge\i’) ~11% :o% N e with b and
8 & 1/3 prong selectuon S Total T lagging
10 . 1 prong selectlon EIO . background Signal
; PNAQ L T [P DL PR .
50 “100 150 200 250 300 350 400 450 500 5 =\§SOLD_L-—
EX (GeV) |_
2.5 _'r
Further reduction by ~ 5 expected for 3-prong QCD jets ot ——— ! L

from 1 vertex reconstruction (CMS full simulation) o M (GOV)
H/A
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B and t tagging W

HCPSS12 WlSCONSlN

Soft b-jets with a wide n-range:
Efficiency to tag one b-jet ~ 35% for ~1% mistagging rate (CMS)
T - tagging with impact parameter measurement
combining the ip measurements of the hard tracks in
the two 1's (1 -> hadron, 1 -> lepton) into one variable: \/G”(tl 0, p(‘rz)2
CMS full simulation for Signal superimposed on the total
H->1->2 t—jets and QCD events background for mp = 200 GeV, tanf} =20
Bes. | B 000e Ty »F
3 ' ..50... S }éts : = o 2 H/A —> 7T —> eu+X
;E_, 10 Z-_ﬁZZZZ.’%ﬁﬁ:’.’.:ﬁﬁﬁ.’fﬁ?.’jﬁZl...é!ﬁ’.";ﬁﬁlfﬁﬁ._ﬂﬁﬁZﬁléﬁﬁlﬁﬁﬁﬁ_’?_.’ﬁﬁﬁ'_fj;_::ﬁﬁﬁ_‘: f Expect rejection £ % ¥ in=<imaing
= G e R e T £ 510 - T sl ma = 200 GeV
E - .. | i Q’,’ ((_\))CD 1—) ) ag,am; | é = 3 tang = 20
< I i, o o ackKgrounda an = S 1
E e & ' T wi CMS, 30 fb
% backgrounds with 2 LE
bl \ W > v, Z > e oF
= il -
rura > /30wt et ys
10-1 ooy .1.. - 'l "1“"""";';'1',1'.";';'i'.";‘;‘" T ﬂ 0 E L L zéo L 1 f.clm 1 1
0 25 5 75 10 12,518 17.5 20 225 25
VO (T Y+ 0,(12)? m.. (GeV)
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CMS HLT Time Distribution

sy T

l'-‘f. ]

HCP4S12 (example from early 2011) WISCONSIN

TTTTTTTTTTTTT

AAAAAA

Prescale set used: 2E32 Hz/cm?
Sample: MinBias L1-skim 5E32 Hz/cm? with 10 Pile-up

Total time for all modules per event totalTime
- - - Entries 17099
1400 Unpacking of L1 information, [ Mean 63.49
- q c o RMS 206.5
- / early-rejection triggers, Underfiow 5
1200 — non-intensive triggers Overflow 653
1000 Mostly unpacking of calorimeter info.
- to form jets, & some muon triggers
800 —
soo: Triggers with intensive
- tracking algorithms
4001 Dverflow: Tri |
B Overflow: Triggers domg\
2000 particle flow
aconstruction (esp. taus
1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1
% 20 40 60 80 100 120 140 160 180 200

msec
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CMS DAQ 0

HCPSS12 WlSCONSIN

T GTP |=| [_rj Detector Front-End Drivers ( FED x =700 ) : I
512
- HEES—%J # Read-out of detector front-end drivers ' H[" *
=2 LLLRLLL Lt LLLLL
l H 256x256 FED Roufer . FED Data Balance (6 clos-256) d bd 256x256 FED Hm LF- l
ﬁ ‘ 1 Diats | iake PO M is o 4 E981 100 kH‘Z
. ] |1 Event Building (in two stages)
LFFE ‘ ﬁ E E.:: =t I FED DOUETS (TR & T L] WTE
(TTTTTT LITTTTT] EERREL
E < 72 i |'| 1 1 [
3 (0 0] B0 _". L e =
Iﬂﬂamlnulﬁuikjﬁﬂ ] EVIM o '-"' Raadoul Bulkdae | EVM I--I "1 Hpmdoul Builder 8 |
High Level Trigger on full events g i L
. Storage of accepted events T L
[ b=d Conlroll Sarvices Network ]
12.5 kHz 12.5 kHz 12.5 kHz
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2-Stage Event Builder W

WISCONSIN

Faadout

T Detecior Frant-End Drivers { FED x =700 )
_ 512
H D_[F l:l' . Front-End Readout Links (-~ 512 FRL ) ' EF v
= LLLiLLy Ll IERERTENS
l | b4 256x256 FED Router 1st stage “FED-builder” 266x256 FED Roudds |
Assemble data from 8 front-ends into
B one super-fragment at 100 kHz 100 KHz
: L T
L.HFE 1 E’f 2 Mg FED Builders (8x8 x 72) P72
1l LA B LA . T
< 2 2 ] ' | _ -
= JHLLTJD |_|—_||__|J | |--,_ _.||j2|:| jIl:! E;II_ I I i._I
EVM Hﬂun:lnulﬁuumqn J | [ EVM b+ P4 Readout Bullder 2 | EVM r-J, b Readout Builder 8 |
po aal 8 independent “DAQ slices” aullut
it Assemble super-fragments into full events i -
[ b=d ConlrollSarvices Network ]
12.5 kHz 12.5 kHz 12.5 kHz
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HCPSS12: Trigger & DAQ - 59

Data to Surface (D25)

Resdoul Builders [(HE)



48 Building the event W

HCPSS12 WISCONSIN

Event builder:
Physical system interconnecting data sources with data destinations. It has to
move each event data fragments into a same destination

Level 1 Detector Frontend

-
>

Trigger

4

Event fragments :

Event data fragments are stored
in separated physical memory
systems

\ 4

ngggter P4 Builder Networks Controls

e Full events :

o Full event data are stored into
one physical memory system
associated to a processing unit

et e

Computing Services

Hardware:
Fabric of switches for builder networks
PC motherboards for data Source/Destination nodes
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Myrinet Barrel-Shifter @

HCPSS12 WISCONSIN

ADIS

BS implemented in firmware
« Each source has message queue
per destination
» Sources divide messages into
fixed size packets (carriers) and
cycle through all destinations
* Messages can span more than
one packet and a packet can
contain data of more than one
message
» No external synchronization
(relies on Myrinet back pressure by
HW flow control)

zero-copy, OS-bypass
principle works for multi-
tage switches

Fixed size ‘

carrier —\

7

Each carrier transports
a fraction or multiple
event fragments to

same BU destination

“"\“ ‘.‘a\'é ‘\\ \‘\“ \‘x ‘E‘;
sindu] Ny wou4

Carriers barrel shifter

sindinO Ng oL
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EVB HLT mstallatlon

| Timing, Trig
: 4 [~ EVB—input"RU’ PC nodes
‘ L « 640 times dual'2-core' E5130/(2007)

_ « Each node has 3 links to GbE switch
* Switches
‘ - 8 times F10 E1200 routers
 In total ~4000 ports
« EVB — output + HLT node (“BU-FU")
» 720 times dual 4-core E5430, 16 GB (2008)
« 288 times dual 6-core X5650, 24 GB (2011)
« Each node has 2 links to GbE switch
MM | HLT Total: 1008 nodes, 9216 cores, 18 TB memory
£ @100 kHz: ~90 ms/event
i [| Can be easily expanded by adding PC nodes and
1 recabling EVB network

] | E Remote Archive (10 IV U
J $ = 12.5kHz ugﬁi‘f “““““““ == Eu
]

(=] {

IEE

J P-d Control&Services Network

€ Scale readout bandwidth: No. DAQ systems (1to 8 x 12.5 kHz) ?
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ATLAS & CMS High y,

TTTTTTTTTTTTT

A Luminosity Motivation oS

Establish nature of Higgs boson and of EWSB:
« fundamental or composite?
 how many doublets? singlets? charged H’s?

Need to measure, as accurately as possible:

* Higgs couplings to fermions, gauge bosons & self-
couplings

 Rare decay modes, possible Flavor Changing Neutral
Current

« WW scattering at high E
« Gauge boson self-couplings

Example:

 For light Higgs: H—Zy @ 3.5/11 o with 600/6000 fb-
or H—p+u- < 3.50 for 600 fb-' and ~ 7o for 6000 fb-'
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opdsis
Phase 1: (until 2021)

« Goal of extended running in second half of decade
to collect ~100s/fb

« 80% of this luminosity in last three years of this decade

« About half the luminosity would be delivered at luminosities
above the original LHC design luminosity

« Trigger & DAQ systems should be able to operate with a
peak luminosity of up to 2 x 1034

Phase 2: High Lumi LHC (2023+)

« Continued operation of the LHC beyond a few 100/fb will
require substantial modification of detector elements

* Goal is to achieve 3000/fb in phase 2
* Need to be able to integrate ~300/fb-yr
« Will require new tracking detectors for ATLAS & CMS

« Trigger & DAQ systems should be able to operate with a
peak luminosity of up to 5 x 1034
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Detector Luminosity Effects Y.
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Logic Cells

* 28 nm: > 2X gains over 40 nm—

On-Chip

H ig h S peed 4 New 7-Series !amny

Serial Links:
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HCPSS1é
« Advanced Telecommunications ==
Computing Architecture ATCA

Example: ATLAS Upgrade |
Calorimeter Trdqger opological B
Processor Car

« Backpl. opt. ribbon fiber connector

« Example: uyTCA derived from
AMC Std Used by CMS HCAL Tl"lg Typical MicroTCA Crate with 12 AMC slots

 Advanced Mezzanine Card
 Up to 12 AMC slots
* Processing modules

6 standard 10Gb/s point-to -point linksg
slot to hub slots (more cavailable)

Redundant power, controls,clocks

Each AMC can have in principle
(20) 10 Gb/sec ports

Backplane customization is Power ?
routine & inexpensive Modules AMC slots

Vadatech VT891
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Tools cont’d: CPU, GPU, PCle W

HL:P,éQé WISCONSIN
CPU Gains for High Level Triggers: Moore’s Law
GPU Enhancement of HLT — Peak Double Precision
FP
« GPU performance tracks Ghlops! .
Moore's Law, since GPU 800 - M2090

architecture is scalable:
 Large Increase in memory
bandwidth x10 in Gbytes/s

600 -

200 - 8-core

”“  Power efficient x3 with latest S e
nvibDiA GPU card 200 -
ARG *\Well suited to tracking, fitting
a I g O rlth m S O2007 20I08 20I09 20l10 20]11 20I12

Enhancement of detector to DAQ readout:
 PCIl Express Gen3 Cards now available
« Up to 56Gb/s InfiniBand or 40 Gigabit Ethernet per port
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HoPast2
Near Future (2014)

* New calorimeter trigger & central trigger
processor modules provide topological
triggers, more triggers

Phase 1:

« “New Small Wheel” provides inner track
segments to reduce endcap muon trigger rat

* Muon trigger upgrade to provide topological
triggers

- Calorimeter trigger digital “preprocessor”
& feature extractors allow use of finer
granularity information

. Latencx & L1 Trigger Rate stay same
through phase 1

Phase 2 Options:

« Divide L1 trigger into LO, L1 of latency 5, 20 usec,
rate < 500, kHz

L0 uses Calo & Muon Triggers, generates track trigger seeds

* L1 uses track trigger & more muon detectors & more fine-grained
calorimeter trigger information.
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CMS Upgrade Trigger Strategymww

HCPSS12 WISCONSIN
Constraints
* Output rate at 100 kHz
* Input rate increases x2/x10 (Phase 1/Phase 2) over LHC design (1034)
« Same x2 if crossing freq/2, e.g. 25 ns spacing — 50 ns at 1034
 Number of interactions in a crossing (Pileup) goes up by x4/x20
 Thresholds remain ~ same as physics interest does

Example: strategy for Phase 1 Calorimeter Trigger
« Present L1 algorithms inadequate above 1034
» Pileup degrades object isolation
* More sophisticated clustering & isolation deal w/more busy events
* Process with full granularity of calorimeter trigger information

« Should suffice for x2 reduction in rate as shown with initial L1 Trigger
studies & CMS HLT studies with L2 algorithms

Potential new handles at L1 needed for x10 (Phase 2: 2023+)

* Tracking to eliminate fakes, use track isolation.

* Vertexing to ensure that multiple trigger objects come from same
interaction

* Requires finer position resolution for calorimeter trigger objects for
matching (provided by use of full granularity cal. trig. info.)
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CMS Phase 1 Upgrade

HCPdST2 Calorimeter Trigger Wisconsiv
« Particle Cluster Finder n HOAL  AnxAe=0087x0.087
» Applies tower thresholds to Calorimeter m
» Creates overlapped 2x2 clusters O
» Cluster Overlap Filter l =
« Removes overlap between clusters NC
* |dentifies local maxima AN
* Prunes low energy clusters | ely
« Cluster Isolation and Particle ID n HCAL
« Applied to local maxima
« Calculates isolation deposits around 2x2,2x3 o
clusters >
 ldentifies particles NC
« Jet reconstruction N
« Applied on filtered clusters | S T
« Groups clusters to jets HCAL
« Particle Sorter n
« Sorts particles & outputs the most energetic ones m
« MET,HT,MHT Calculation 9
« Calculates Et Sums, Missing Et from clusters r
Rate reductions x4 w/improved efficiency
Implemented in 4 uyTCA Crates SNt
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™H CMS Phase 2: O
CPeoty Tracker input to L1 Trigger i
Use of Tracker input to Level-1 trigger
* M, e and jet rates would exceed 100 kHz at high luminosity
« Even considering “phase-1” trigger upgrades
 Increasing thresholds would affect physics performance

« Performance of algorithms degrades with increasing pile-up
* Muons: increased background rates from accidental coincidences

* Electrons/photons: reduced QCD rejection at fixed efficiency from
isolation

« Add tracking information at Level-1
* Move part of HLT reconstruction into Level-1!
Full-scope objectives:
 Reconstruct “all” tracks above 2 - 2.5 GeV
* ldentify the origin along the beam axis with ~1 mm precision
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CMS Track Trigger O

TTTTTTTTTTTTT

LW Architectures: Phase 2 Vi
“Push” path:

* L1 tracking trlg?er data combined with calorimeter & muon trigger data
regionally with finer granularity than presently employed.

« After regional correlation stage, physics objects made from tracking,
calorimeter & muon regional trigger data transmitted to Global Trigger.

“Pull” path:

* L1 calorimeter & muon triggers produce a “Level-0” or L0 “pre-trigger” after
latency of present L1 trigger, with request for tracking info at ~1 MHz.
Request only goes to regions of tracker where candidate was found.
Reduces data transmitted from tracker to L1 trigger logic by 40 (40 MHz to 1
MHz) times probability of a tracker region to be found with candidates,
which could be less than 10%.

« Tracker sends out info. for these regions only & this data is combined in L1
correlation logic, resulting in L1A combining track, muon & cal. info..

* Only on-detector tracking trigger logic in specific region would see L0

“Afterburner” path:

* L1 Track trigger info, along with rest of information provided to L1 is used
at very first stage of HLT processing. Provides track information to HLT
algorithms very quickly without having to unpack & process large volume of
tracker information through CPU-intensive algorithms. Helps limit the need
for significant additional processor power in HLT computer farm.
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CMS Track Trigger: O

PR,

R General concept Wisconsin

AAAAAA

Silicon modules provide at same time “Level-1 data” (@ 40 MHz)
& “readout data” (@ 100 kHz, upon Level-1 trigger)

 The whole tracker sends out data at each BX: “push path”

Level-1 data require local rejection of low-p; tracks
* To reduce the data volume, and simplify track finding @ Level-1
* Threshold of ~ 1-2 GeV = data reduction of > one order of magnitude

Design modules with p; discrimination (“p modules”)

* Correlate signals in two closely-spaced ~ =
7
sensors stub pass al

» Exploit CMS strong magnetic field

Level-1 “stubs” processed
in back-end

* Form Level-1 tracks, p; above 2-2.5 GeV

* Improve different trigger channels

Wesley Smith, U. Wisconsin, August 13,14 2012 HCPSS12: Trigger & DAQ - 74



CMS Track Trigger. p; modules: ()

HePdS12 working principle Wisconsin
Sensitivity to pr from measurement of A(R¢@) over a given AR
For a given p;, A(R@) increases with R T~

N

« Same geometrical cut, corresponds to harder
pr cuts at large radii

- At low radii, rejection power limited by pitch
» Optimize selection window and/or sensors spacing

* To obtain consistent p; selection through tracking volume
e.g. Window =5
[T T [ |

CT T T W T T T 1
In the barrel, AR is given directly by the sensors spacing
In the end-cap, it depends on the location of the detector
» End-cap configuration typically requires wider spacing

AR T —f— }/}/

1, ’
z Az=AR/tg §
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TTTTTTTTTTTTT

HbP,éSﬁ WISCONSIN
Various projects being pursued:
» Track trigger

high pT low pT
- Fast Track Finder (FTK), hardware === i m—
track finder for ATLAS (at L1.5 R ST
e Phase 1 offset=0 offset=2

« ROl based track trigger at L1 — Phase 2
« Self seeded track trigger at L1 — Phase 2
« Combining trigger objects at L1 & topological "analysis"
 Phase 1 & 2
 Full granularity readout of calorimeter
* requires new electronics — Phase 2

. Changes in muon systems (small wheels), studies of an
MDT based trigger & changes in electronics — Phase 1

« Upgrades of HLT farms
Some of the changes are linked to possibilities that

open when electronics changes are made (increased
granularity, improved resolution & increased latency)
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ATLAS FastTracKer (FTK) W

AAAAAA

HCPYS12

For Phase 1:

Dedicated hardware processor completes GLOBAL track
reconstruction by beginning of level-2 processing.

* Allows very rapid rejection of most background, which
dominates the level-1 trigger rate.

* Frees up level-2 farm to carry out needed sophisticated event
selection algorithms.
Addresses two time-consuming stages in tracking
« Pattern recognition — find track candidates with enough Si hits

« 10° prestored patterns simultaneously see each silicon hit
leaving the detector at full speed.

 Track fitting — precise helix parameter & ? determination

« Equations linear in local hit coordinates give near offline
resolution
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M ATLAS FTK Approach 0

HCPSS12 WISCONSIN

AAAAAA

Use hardware to perform the global tracking in two steps

pattern recognition and track fit
Single

Hi‘ \
UG | P G| 05000 W OEDN DR N (N0 W | OO |

O N O D R N O O

Road —
(D
Superé-rrip (bin)
Pattern recognition in coarse resolution Track fit in full resolution (hits in a road)
(superstrip=»road) F(X1, X3, X3, ...) ~ @9+ @;AX; + @AX; + a3AX3 + ... =0

Design: FTK completes global tracking in 25 usec at 3x1034.
Current level-2 takes 25 msec per jet or lepton at 3x1034,
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ATLAS L1 Track Trigger O

TTTTTTTTTTTTT

¥ Design Options for Phase 2 i
Region Of Interest based Track Trigger at L1
« uses ROIs from L1Calo & L1Muon to seed track finding

* has a large impact on the Trigger architecture

 requires significantly lengthened L1 pipelines and fast
access to L1Calo and L1Muon ROI information

 could also consider seeding this with an early ("Level-07)
trigger, or sending a late ("Level-1.5") track trigger

« smaller impact on Silicon readout electronics

Self-Seeded Track Trigger at L1
* independent of other trigger information
* has a large impact on Silicon readout electronics
 requires fast access to Silicon detector data at 40 MHz

« smaller impact on the Trigger architecture
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R ATLAS Self-Seeded L1 Track Trigger @
g W with Doublet Layers

® Moderate pT dependent  Track (low pT)

. i J L : v | §ii iig
discrimination of hits using /;L e
coincidences in closely Layer B

v
spaced double layers Ar
> High pT discrimination using -T_;-;:LX .
coincidences between Faver A/ v

several doublet layers Ar ~few mm

@ Has to operate at full BCO AR ~ 100 mm
frequency (40 MHz)

coincidences

10

oo | € : Pair of two two-in -one
1. i—>  Keep-1% E,
] 10" u t o 3] !
3 2 1 1 —» Keep ~0.1%0 8
8 10 ! ‘ ' (=
P . ! £
é 100 4 ' : é o1
a 10 ] [} K
.1 0 =
10 1 ] I o
] = [ f 0,01 - e
0 5 10 15 20 25 0" 5 10 % 20 25 30 35 40 45
pT (GeV) pT [GeVic]
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1 ;;L by

HCPYS12

AAAAAA

LHCb Upgrade Trigger & DAQ W

Execute whole trigger on CPU farm
= Provide ~40 MHz detector readout

« Cannot satisfy present 1 MHz requirement

S e S w/o deeply cutting into efficiency for
hadronic final states
Calori . .
poon, - worst state is ¢, but all hadronic modes
v are affected
- cuctom aeerone.@@N @meliorate this by reading out detector
p.of h, u, ely & then finding vertices

Upgrade Trigger & DAQ

flexible software trigger with up to 40 MHz
input rate and 20 kHz output rate

* run at ~ 5-10 times nominal LHCb
luminosity — L ~1-2 - 1033 cm2?s-!

1—40 MHz
All detectors information

hJ

HLT
ke S ST urm © DIg gain in signal efficiency (up to x7 for
p, and impact parameter cuts hadron mOdeS)
e - upgrade electronics & DAQ architecture
« collect 2 5/fb per year and ~ 50/fb in 10
d years
20 kHz
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ALICE Upgrade W

HCPYS12

AAAAAA

Run at high rates, 50 kHz Pb-Pb (i.e. L = 6x10%
cm-'s); with minimum bias (pl{)&th) readout (max

readout with present ALICE set-up ~500Hz)

« Factor 100 increase in recorded luminosity
* Improve vertexing and tracking at low p;

Pb-Pb run complemented by p-Pb & pp running

Entails buildin High-rate upgrade for readout of
TPC, TRD, TOF, CALs, Muons, DAQ/HLT
Two HLT scenarios for the upgrade:

« Partial event reconstruction (clustering and tracking):
Factor of ~20 — Rate to tape: 20 kHz

. tclusters (associated with tracks) information recorded on
ape

* Full event reconstruction:
additional reduction factor ~3 — Rate to tape > 50 kHz

 track parameters recorded on tape
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HCP3$S12

Fast Trigger Processor (FTP)

Online Systems Architecture

ALICE Upgrade Readout &

THE UNIVERSITY

WISCONSIN

MADISON

Event Processors (EPN)

Readout scheme

inter. LO L1 L2 L3
y y y —— y - Y B
t0 t0+ ~1us t0+10us t0+ ~1s t0+ >10s
~ 7800 / L2 DAQ and HLT
data links s
B ITS ~ FLP —_—
10 Gb/s 10 or 40
Gb/s Bandwidth to tape
- TPC > FLP S
20 Gbyte/s
- TRD > ELP —
- EMC FLP oo
LO Gb/s
Network
L PHO = FLP _
L TOF > FLP _>
> Muon > FLP —> EPN /L3
LO
L1l Fills [L——) FLP —_— FTP = Fast Trigger Processor
’r ’|\ T ’|\ /[\ FLP = First Level Processor
\ J EPN= Event Nod
Trigger Detectors ~ 650 FLPs ~ 1250 EPNs YOI provessor 7o

e

Wesley Smith, U. Wisconsin, August 13,14 2012

HCPSS12: Trigger & DAQ - 83



= LHC Online Systems Upgrade W

HCP3S12 WISCONSIN

AAAAAA

Very significant challenges to operate trigger & DAQ
systems for high rate experiments.

Very substantial assets to bring to bear on these
challenges from commercial world: ATCA, FPGAs,
high speed links (transceivers), optical connectors

Exploiting these assets enables physics input to
drive much more precise selection of events and
processing of a much higher volume of data.

 e.g. a level-1 tracking trigger for ATLAS & CMS

There is considerable technical difficulty involved in
successfully exploiting these advances in
technology and implementing them in running
experiments in a controlled and adiabatic manner.
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Trigger & DAQ Summary W

HCPSS12 WISCONSIN

AAAAAA

Level 1 Trigger
» Select 100 kHz interactions from 1 GHz
* Processing is synchronous & pipelined
* Decision latency is 3 us (x~2 at HL-LHC)
« Algorithms run on local, coarse data
» Cal & Muon at LHC (include tracking at LHC-HL)
» Use of ASICs & FPGAs

Higher Level Triggers
* Depending on experiment, done in one or two steps
* If two steps, first is hardware region of interest

* Then run software/algorithms as close to offline as
possible on dedicated farm of PCs
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