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Triggering W

AAAAAA

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

The trigger is a function of :

I!I ‘ REJECTED
I” "I ACCEPTED

Event data & Apparatus
Physics channels & Parameters

— p—
I——_——

* 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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Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10" eV)
Luminosity 10%** cm? s’

Bunch  &&gess: A Crossingrate 40 MHz

Proton e e with every bunch crossing

~25 Minimum Bias events
with ~2000 particles produced

Parton é
(quark, gluon)

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

Particle
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LHC Physics — Trigger Challenge W

WISCONSIN
Low = 40 GeV
Electroweak Symmetry Breaking Scale o -
- Higgs discovery and higgs sector characterization LowPry, e, u
* Quark, lepton Yukawa couplings to higgs Low P, B, T jets
New physics at TeV scale to stabilize higgs sector Multiple low
- Spectroscopy of new resonances (SUSY or otherwise) P objects
- Find dark matter candidate Missing E;

Multi-TeV scale physics (loop effects)
- Indirect effects on flavor physics (mixing, FCNC, etc.)
- B, mixing and rare B decays )
displaced vertices
- Lepton flavor violation
- Rare Z and higgs decays Low P leptons
Planck scale physics
- Large extra dimensions to bring it closer to experiment
* New heavy bosons High P leptons and photons
« Blackhole production Multi particle and jet events
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* Peak luminosity

6.0E+34

The LHC Plan

—Integrated luminosity
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s LHC Run | Parameters W

AAAAAA

Design 2010 2011 2012

Beam Energy
(TeV) 7 35 35 4
Bunches/Beam | 2808 368 1380 1380
Proton/Bunch Bunch = 48 ':3-':' ‘“‘;;'.'".
(101) 1.15 1.3 1.5 1.7 o -" \ /,f v
|I \ \
f \ 4
Peak Lumi. ' ‘
(1032 cm2 s1) 100 2 30 76 Proton ° °
o 100/r | 0.036 6 20 \ //
g Parton é*(
Pile-Up o9 ~1 10 20 (quark, gluon) ...J | )
Bunch Spacing | 25ns | 50ns 50ns  50ns o
Pile-Up — the number ot proton Particle
interactions occurring during each &
bunch crossing jet

Wesley Smith, U. Wisconsin, August 18, 2016 S$S12016: Trigger & DAQ - 6



Beam Energy
(TeV)

Bunches/Beam

Proton/Bunch
(1011)

Peak Lumi.
(1032 cm-2 s°1)

Integrated Lumi.

(fo)
Pile-Up
Bunch Spacing

100

100/yr

23
25 ns

2016
6.5 6.5
2244 2748
1.2 1.2
51 100(%)
4 30(%)
<20 40
50/25ns 25ns

Pile-Up — the number of proton
interactions occurring during each
bunch crossing

TTTTTTTTTTTTT

AAAAAA

2017/8 (*)

6.5/7

2808

1.2 Bunch "'w F, : - ’3.':‘.
r f‘ "

Y

70(* \ /|
() Parton &(
(quark, gluon) L 2w
40 '.

25 ns
Particle

*expected value
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LHC Physics & Event Rates W

: WlSCONSIN
At dQSlgn L = 1034cm-23-1 bar:i LHC Vs=14Tev  L=10%cm’s” | rate Z:f;‘ﬂf;
e 23 PP events/25 ns Xlng b — i LV1 input e _"' "
*~ 1 GHz input rate e
mb - 3 =10
«“Good” events contain eI ™ S
~ 20 bkg. events -
max HLT input Em
* 1 kHz W events b o s o ™
* 10 Hz top events For T g0
- e \1_ max HLT output ém ’
- < 104 detectable Higgs , *#". i Ll
decaysl/year _ b e W
Can store ~ 1 kHz events 110
. | qq—qqHg, 1105
Select in stages e =
31-1 Zi 1T mHz _g 10
* Level-1 Triggers \ 10
+1 GHz to 100 kHz " ﬂ L
i i . i scalar (b L 3 by
* High Level Triggers 11 Ty | Lo )

50 200 500 1000 2000 5000

*100 kHz to 1 kHz particle mass (GeV)
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Collisions (p-p) at LHC

WISCONSIN

o LHC Vs=14TeV L=10cm’s’ Event Rate ev/year

bam 10 Operating conditions:
o Event rate §p|CHz 10 good” event (e.g nggs in'4 muons )
inelastic o1 ; &= 0 b
m <—— bb 10 "

MHz <410 " ,'Ilr,ml
|||I||II||1||f||I."
| +
10 12 II ””“LIH

kHz

Hz

L
Reconstructed tracks with pt > 25 GeV

_. mHz

Event size: ~1 MByte

Z053 o Zo2k )
O B rimbiinle 35 Processing Power: ~X TFlop
50 100 200 500 1000 2000 10

jet Er or particle mass (GeV) —
Wesley Smith, U. Wisconsin, August 18, 2016 S$S12016: Trigger & DAQ - 9




40 MHz

COLLISION RATE

100 - 50 kHz

1 Terabit/s
READOUT

50,000 data |.

channels

500 Gigabit/s

1kHz

FILTERED
EVENT
Gigabit/s
SERVICE LAN

LHC Trigger & DAQ

Challenges

DETECTOR CHANNELS

HH
T S
Charge Time Pattern
T T

N
'§
S

SWITCH NETWORK

o

Computing Services

16 Million channels
3 Gigacell buffers

f=-"{

Tracks

[T

Energy

- 1 MB EVENT DATA

&2l 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

AAAAAA

Challenges:

1 GHz of Input
Interactions

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

Archival
Storage up to 1
kHz of 1 MB

events

Wesley Smith, U. Wisconsin, August 18, 2016
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-“In-time” pile-up: particles from the same crossing but
from a different pp interaction

Long detector
response/pulse shapes:
o “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 9101 12 13 14 15 16 17 $ 4 32414901 2 3 45 6 7 8 9 10111213 1415 16 17 18 19 20
t (25ns units)

t (25ns units)

pulse shape
pulse shape

Wesley Smith, U. Wisconsin, August 18, 2016 S$SI12016: Trigger & DAQ - 11



0

THE UNIVERSITY

WISCONSIN

MADISON

_' Simulated Event Display at 140 PU (102 Vertices)

High
Luminosity
LHC: 2025
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Challenges: Time of Flight VY.

WISCONSIN

MADISON

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

Muon Detectors Electromagnetic Calorimeters

\\ \
/ e ’ \ Forward Calorimeters
\
N

End Cap Toroid

.,

Barrel Toroid Inner Detector : Shielding

Hadronic Calorimeters
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ATLAS & CMS
Trigger & Readout Structure viscosi

AAAAAA

I = h |
_ 30 Collisions/25ns <+— 25 ns —»| | Luminosity 1lJ cm™ sec’
[ 10 ® event/sec )

— fpa— m—
107 channels /q f’% /%
(10 % bit'sec) ! f /
Detectors Detectors

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

- Switching network Switching network

@ Processor farms Processor farms

Run 1 ATLAS: 3 physical levels CMS: 2 physical levels
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ATLAS Run 1 Trigger & DAQ W

WISCONSIN
Event rates Trigger DAQ Data rates
design 3 Leve|s design
(2012 peak) Muon] [Calo [Tfack] (2012 peak)
40 MHz = ATLAS Event
(20 MHz) ) 1.5MB/25ns
/ i (1.6 MB/50ns)
Custom FE FE FE [
<2.5 ps Hardware | e §
Level 1 Accept e
.. 1 (roD | {ROD ) [ROD | g
(~65 kHz) Level 1| Results
~7500 v
cores
~40 ms y 5_ | Rol fragments v Y g
~100 ms) Data Collecti 110 GB/s
Processing Unit L ata Collection |« Readout System ] (~105 GB/s)
B 1 Network
L2 Accept ~150
3 kHz g l
(~6.5 kHz) ~100 =
. - e ~4.5 GB/s
..'écs)(r)gs v ﬁ[[ Event Builder ] g (~10.5 GB/s)
~4s | Full events Event Filter ‘
(~15) Processing Unit »|  Network 8
Accepted | Data Logger ‘] ~300 MB/s
-200 Hz events | (~1600 MB/s)
(~1000 Hz) B |
‘ CERN — =
i Permanent Storage !
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Event rates
(peak)

40 MHz

Y

100 kHz

New
HLT

Architecturg

New use of]
Tracking
Informatior
at start of

HLT: FTK

Y
~ 1.5 kHz

ATLAS Run 2 Trigger & DAQ:
Merged Levels 2,3

Trigger

LVLI1 decision made with ca

calorimeter data
with coarse granularity and muon trigger

chamber data

Custom
Hardware
e ——

Regions of

HLT first uses| RPI®®Yf Interest data

DAQ
Calo/ Pixel
[Mucn [rscr] |O"“ar

Level 1 Accept

(ca. 2%) with¥ull granularity and
combines | HLTSV finformation from

all detectors; performs fast rejection.

y ~ 40k

Fragments

(tracking info.)

O(100)y

- (
Readout System]

[[.u Processing Unit

Full event

HLT then refines the selection, can perform event
reconstruction at full granularity using latest

alignment and calibration data

l 0(10)

[[ Data Logger J

THE UNIVERSITY

WISCONSIN

MADISON

Data rates
(peak)

0(100 PB/s)

—
=
o

=
1]
&

(14
1Y
L=

e
Q

2
[

(=]

~ 160 GB/s

Data Flow
-

~ 25 GB/s

~1.5 GB/s

Wesley Smith, U. Wisconsin, August 18, 2016
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CMS Run 1,2 Trigger & DAQ: ()

2 Levels Vit
| Data — The Lv1-
-+ Trigger — Accept
Le_vel-1 Detector Frontend |72 Backpressure i
Trigger [ | | | [ T ] causes the
' ' (| Readout readout
system to
SyStemS respond with
backpressure
i ] information.
Event . Run

Filter

Interaction rate: 1 GHz
Bunch Xing rate: 40 MHz

7

N\

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 18, 2016
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Present ATLAS & CMS @

TTTTTTTTTTTTT

Level 1 Trigger Data Wisconsin
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
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Run 1 ATLAS L1 Trigger W

WISCONSIN
Process reduced granularit Calorimeters: Muon Detectors:
data from calorimeter an - N
muon detectors _
e &) (=)
*Trigger decision based on . ’
object multiplicities N ¥
*Generate L1A and send via Muon aon
TTC distribution to detector T Barrel Endcap
frorat'e?ds to initiate Trigger Trigger
readou
Maximum round-trip latency ;o N ¥
2.5 us s | [Frocmers
- Data stores in on-detector ely, th jets , Eq Litoiee:
pipelines . : .
ldentify regions-of-interest A - 1 !
(Rol) to seed L2 trigger \ 4 B | |
*Custom built electronics [ Central Trigger }4 , :
. . Processor T !
*Synchronous, pipelined v _ v v
processing system [ RolB ]
operating at the bunch
crossing rate v
Detector readout L2 supervisor
L S
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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

ATLAS Run 1 Rol Mechanism W

Wesley Smith, U. Wisconsin, August 18, 2016
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ATLAS Run 2 L1 Trigger W

Calorimeters Muon detectors
Pre-processor Barrel End-cap
muon muon
* * trigger trigger
Cluster Jet / Energy 1.1 Miioti
Processor Processor
1 |
2 L1 Calo srefssassassmasnsereneteny
[ Muon-to-CTP :
i_ Interface_ ______E
: Topo interface ;
S e s — : Forward
T P
: Central Trigger Processor : Dibeotors

To sub-detector front-end / read-out electronics

Wesley Smith, U. Wisconsin, August 18, 2016 S$S12016: Trigger & DAQ - 21




Lv1 trigger is based on
calorimeter & muon

Calorimeters:

TTTTTTTTTTTTT

AAAAAA

Muon Systems

><
S
Q
u:
-
!

detectors. HCAL ECAL rec | csc | ot
At L1 trigger on: Eﬂergi-f E"'ETQY energy hits hits hits
* 4 highest E, e*ly L
. . |gger
* 4 highest E, central jets pAnRks Reguqn - [Sﬁr;:rm smn:rnt]
* 4 highest E, forward jets Cal. Trigger Pattern
: : DAQ quiet Comp-
e 4 hlgheSt Et taU'jets regions arator
: & mi track
* 4 highestP,muons § Global bits finder
For each of these objects input GalSTHggery ~ . T 1
rapidity, 11, and @ are also - = Global Muon Trigger )
transmitted to Global Lﬂtﬂg;fs
Trigger for topological cuts - TRK,ECAL,
& so Higher Level Triggers ~{Global Trigger HG Sysism HCAL,MU

can seed on them.

Generate L1A and send via TTC distribution to

Also trigger on inclusive
triggers:

- E,, MET, H,

Wesley Smith, U. Wisconsin, August 18, 2016

detector front-ends to initiate readout
Maximum round-trip latency 4 us
Data stored in on-detector pipelines
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WISCONSIN
: : Calorimeter Trigger Muon Trigger
Lv1 trigger is based on 99 99
calorimeter & muon ) (o) (0% ) (> ) ==
etectors. '

y

ntrator
-out

Increased M and @
granularity of the objects

Larger object available to

Concentrator
& fan-out

the GlobalTrigger [ ca Tresertavert J : o™
algorithms D —
° 12 higheSt Et ei/'Y [ CaloTﬁ;gerLayerz .
* 12 highest E; jets ]

8 highest E, tau-jets

« 8 highest P, muons
Larger reach of topological ‘ Tioger |
ts at GlobalTri & : T
;’3 I?IiagheroLeaveln'ic'ﬁg;ers Generate L1A and send via TCDS distribution to
can seed on them detector front-ends to initiate readout
Maximum round-trip latency 4 ps

Data stored in on-detector pipelines
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| ATLAS Run 1 Level-1 Trigger -

MADISON

Muons & Calorimetry Wisconsin

TGC 2 -~
I TGC 3
M
D
RPC 1 T
TGC El low p_ =z
r ] 7 WDt 1 |l | Toroid Hin = 1) A
;/ P G‘j L)U
f A :
Tile Calorimeter TGCFI Gz Hadronic
I | i calorimeter
- D g .
high
/// : gnp; Electromagnetic
% calorimeter

XX-LLOTVos
e

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

0 5 10 15m \ . | Electromagnetic
Vertical Sums — H isolation <e.m.
I isolation threshold
Muon Trigger looking for Horizontal Sums Hadronic isolation
A i i - ion: < inner & outer
coincidences in muon trigger Eﬁ: ;Itﬁgilirﬁ%reg-on- e ol
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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ATLAS Phase-1 (LS2)

Upgrade Calo. Tnggers

Calo. Trig: Improvements: 3urer cells
Feature Extractor
Processors

* Higher granularity in eta ° o
0.025 2"
* present nx¢ = 0.1x0.1 '
) & ”anxlm=ﬂl.1:a,1l - : | | [ -
« Segmentation in depth S 018 Loeki =
] ] $ 0.16~ ATLAS Preliminary Super Cells 5
* Higher resolution @i 44f Simulation E
(E+: 0.125 GeV/count, now G- (R TN :
is 1 GeV/count) 0‘“? i A b
08 I £1.24
Expected Improvement 006 F
wrt. Run 1 System e /] L i
» At Pileup of 80: %5 464“3{;0 1607102050 4050

E.T‘I SC EOfﬁI‘E)IEﬁmm [cy]
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ATLAS Phase-1 (LS2) O

SSlzois Upgrade Muon Triggers  viscoun
Muon. Trig: Big Wheel EM
Improvements: —
* New Small = Endcap
Wheel o aimost
* Rejects tracks El ) 90%
not from IP: New Small Wheel I: | ¢
: ~J
B: creation [ & B
withintorod = = L= i B
C: multiple g End—FZIJ (/
scattering = T -

i P
) I\Bniagtcwh;lnegeleaat;v' Angular resolution of 1 mrad (trigger)
* After phase-2 BW upgrade
NSW « Until LS3: NSW confirmation of BW tracks with
angular cut of +- 7 mrad
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CMS Electron/Photon Algorithm:
Basics

Trigger Primitive Generator

Fine grain  Flag Max of ( & B, B)&SumET [_

nn I.
TR e} us
1] i

Regional Calorimeter Trigger

E, cut %ﬁ%*‘ Max ( | ) > Threshold
AND:
Longitudinal cut (H/E) EHE] / |1 <0.05
___ AND
Isolation, Hadronic & EM n <2 GeV
AND

One of ( : ’ 'If"""'i)<1GeV

¥
ELECTRON or PHOTON

TTTTTTTTTTTTT

AAAAAA

Wesley Smith, U. Wisconsin, August 18, 2016
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Trigger Primitive Generator

Fine grain Flag Max of ( &

EGamma Identification

CMS Electron/Photon Algorithm: ()
Run 2 Version

TTTTTTTTTTTTT

Dynamic clustering around a seed trigger tower (ET>2GeV)
Shape 1dentification: based on ET, eta and cluster shape

L ECAL > HCAL

. Seed tower
. First neighbours

. Second neighbours . Isolation region

WISCONSIN
e/g like
II-I‘
jet like ELECTRON
OR PHOTON

LE

Wesley Smith, U. wWisconsin, August 18, 2016
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CMS t / Jet Algorithm: Run 1 W

AAAAAA

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

Wesley Smith, U. Wisconsin, August 18, 2016 S$SI12016: Trigger & DAQ - 29



CMS Jet Algorithms: From

2016

Sliding-Window Algorithm, centred on a local maximum

ET trigger tower

0

THE UNIVERSITY

WISCONSIN

MADISON

- 9x9 trigger towers considered - corresponding to anti-kt
jets of R=0.4
- jet position from the central (local maximum) TT

- jet ET from the 9x9 TT sum
- inequality mask to avoid self veto & double counting

Minimum Bias Vs = 13 TeV BX =50ns <PU> =40

o
&

= B
© L
e r cMS
2 02 Simulation
2 C Preliminary
> C
> 0.15|- ++
2 I -t
w C . _._-t"
g o e
S T ot
- e
0.05— -
c_l 11 1 1 I L1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 l I I 1111 I
0 10 20 30 40 50 60 70

Number of Interactions

PileUp rejection based on

a “donut” algorithm

- energy in the four 3x9
trigger towers blocks
around the jet used to
estimate pile-up energy
density

Wesley Smith, U. Wisconsin, August 18, 2016
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CMS t algorithms: Run li W

WISCONSIN

MADISON

Topology can be used to

A few of the possible

distinguish hadronically o Stage-1 Patterns:
decaying taus from taus: towers
- Enhanced position resolution \
by increasing granularity oot s
- Introduce isolation as a SRMUECAICHE F
handle to control rate ]
- Better energy resolution with Trager Towers: 0.087n x 0.087¢ 2015
specific calibration
sequences

:__;l

cluster seed

TT region used to E [ ;. n F ?
build the cluster 2016
a subset of the TT Is associated into a
Initial cluster building region “cluster”, different shapes can result

around the seed (Eseed > thresh) = (a few examples shown) Isolation window
reconstructed tau :

Wesley Smith, U. Wisconsin, August 18, 2016 S$S12016: Trigger & DAQ - 31



| CMS Muon Chambers (> 2014%) 0

WISCONSIN

AAAAAA

DT Single Layer
E"[Efﬂ.ﬂ RPC 1,04 1.2
: , =t Reduced RE
| (B8 system
=y a1 &
MBS | dl ni<16
MB2 = 6
*RP |
MB1 40
*Double
Layer;; 2 1
200 24
100 — — ME4
1]
'IEIII]*:' 1E!:'ﬂ
Z cm)
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CMS Run 1 Muon Trigger W

WISCONSIN
== 0.8 <nl[ggg |l < 2.4 mec 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 Ssegn%ents Comparator
O * * <4 barrel +
u,_o) F A <4 endcap
O regional trigger regional trigger muohn candidates
n Barrel Track Finder Endcap Track Finder (Pt N, 9, quality)
? <4 muon candidates <4 muon candidates
= (Pt M, ¢, quality) (Pt M, ¢, quality)
O
¢ Y Y l
®))
S Global Muon Trigger
S <4 muons
8 (Pt M, ¢, quality)

Y
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Calorimeter
trigger

(possibility of
an isolated
muon trigger)

CMS Run 2 Muon Trigger W

DT hits

<

end-cap overlap barrel
track finder track finder track finder
P S— P SUSS 2
i end‘cap E Overlap i i ba.l’rel
, sort ! | sort | | sort |
i block block | i block

______________________________

Micro-Global MuonTrigger

Y

|

Micro-Global
Trigger

WISCONSIN

AAAAAA

BARREL MUON TRACK FINDER:
- DT + RPC Hits

.- 0.8<n|

- Optical links from the fronted of the DTs to the track finder
boards (MP7)

ENDCAP MUON TRACK FINDER:

- CSCHRPC Hits

- 1.25<n|<2.5

- Optical signals sent from the CSC and RPC to the trigger
boards (MTF7)

- Will include GEM detectors in the future

OVERLAP MUON TRACK FINDER
- DT+RPC+CSC
- 1.25<n|<2.5

All track finders assign eta/phi/pt and quality

GLOBAL MUON TRIGGER
- Receives muons raking according to pt accuracy
- Sorts and sends the 8 highest ranking ones to the GT

Wesley Smith, U. Wisconsin, August 18, 2016
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CMS Muon Trigger Primitives

TTTTTTTTTTTTT

RPC pattern recognition
- Pattern catalog

- Fast logic el

MS1 MS2 MS3 MS4
i @

) b bl £ bl B VR |
| [ I P U P
§ I e ) D G 0T B

Memory to store patterns

Fast logic for matching
FPGAs are ideal

DT and CSC track finding:

- Finds hit/segments N

- Combines vectors ol

- Formats a track stack sl e sogmen

- Assigns p, value o 1K |
t '3 \ _— /

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

Meantimers recognize tracks
and form vector / quartet.

o
Joeo §-o J o] o J o ] o ] o ] o
Le L e L o g o ] o ] Lo L3
| NI ST 67 N SNCINS TN SO SO -
| 'l'l'JYI'I'I'['I:,J

Correlator combines them
into one vector / station.

Match with RPC

CMS Muon Trigger
Track Finders

0

THE UNIVERSITY

WISCONSIN

AAAAAA

Cathod Strip Chambers (CSC)

-manne

- o

---------

Comparators give 1/2-strip resol.

p.d

.

::E.fz::‘:

Z.
=

/ — T —T]—T—T]—T——]

Sort based on P+,
Quality - keep loc.

Combine at next level
- match

Sort again - Isolate?

Top 4 highest P; and
quality muons with

Hit strips of 6 layers form a vector. Iocation COOrd
Improve efficiency and quality

Wesley Smith, U. Wisconsin, August 18, 2016
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\

4 )

DAQ EVENT MANAGER
S y accept event?
4 R '

DETECTOR FRONTENDS
\_ J

(¥ )

L1Menu: list of all the operational GT algorithms for a particular moment of data
taking

Basic algorithms: counting single or multiple particles with energy above a
threshold 1n a pseudorapidity range (eg: SingleMul6; DoubleEG20 10)

Complex algorithms take into account topological correlations of the candidates (eg:
An or invariant mass)

Output of the GT: L1 Accept after the check of the different combinations

Wesley Smith, U. Wisconsin, August 18, 2016 S$SI12016: Trigger & DAQ - 37



Global L1 Trigger Algorithms ()

(Runs 1 & 2) Vi

ADIS

eis,“] ) P N\
Exd1)> E+(] threshold -
71> Ex(1) " u
E"l(:) - E,l(: ,1hrcshnh|
09 < ¢(1) < 360° wV
0 < ¢(2) < 3607 OR T
170° < W(1) - D2 < 1907 ,‘
J 2
ETmnssmg
Er(e;s 1> Eqley \threshold By missing -, E,l_lhredmld pri) > pl._wlhrcshn!d
Particle Conditions Particle Condition for Particle Conditions
pe ~ for isolated electrans | | missing Et for muons
ut(n) py(1) > pr(1threshold . )
PT(:!] - m(z-’lhrcshold
0V < (1) < 360"
09 < ¢42) < 360°
170° < 1d(1) - 0(2) < 190° OR
SO = 1, 1SO(2) = 1
MIP(1) =1, MIP(2) = | ALGORITHM AND-OR
SGN (1) = 1, SGN(2) = -1 \ P
- /

. J
Flexible algorithms implemented in FPGAs
100s of possible algorithms can be reprogrammed
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High Level Trigger Strategy W

AAAAAA

Detectors

Front-end pipelines
(107 channels)

Readout buffers
( 1000 units)

Event builder
(10° x 10° fabric switch)

Processor farms
(4 10 SMIPS)

High level triggers. CPU farms
* Finer granularity precise measurement Suntasaive

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

- Kinematics. Effective mass cuts and topology background

» Track reco and matching, b,t-jet tagging event filtering,

» Full event reconstruction and analysis ¥ Physics selection

Hz
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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, vy, t
* Improved resolution and isolation: pu
« 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 18, 2016
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Electron selection: Level-2 .Y

WISCONSIN

AAAAAA

“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”

Events

super-clugter,

search £Nggp

1x5 domino
- > / R
XJ> aomino
seed crystal & / J
~
N basic cluste

\‘ 107 \

N

sub-cluster sub-cluster . ) ) :
0 02 04 06 08 1 12

> 0
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Electrons at HLT W

WISCONSIN

AAAAAA

Cluster shape discrimination and isolation techniques similar or identical to
the ones used offline after full reconstruction:

» precise energy and position determination
 enhanced background rejection

Cluster Shape Distribution Single Electron Turn On for 32 GeV Online Cu;015 (3 Tev
, e
j_IIIIII|III|III|III|II|III|III|I291I5,|1I3TEI\_I Y ICNiS 1T [ 1T T T T T LI
& i s [ , e 7
B CMS _ © 4| Simulation Preliminary
0.16— Simulation Preliminary — =
B || < 1.479 ] - N ]
014~ Moy - eesignal - = .
B il 0.8 -
B — QCD background L - |
0.12— _
04— — 0.6
0.08— _ - i
C 5 0.4
0.06/— —] B |
0.04— ] L i
B i 0.2
0.02— _ - |
O_I o | - | L . I- | 1| | | L | 1 1 1 | | | L 1 1 1 1 1
0 0002 0004 0006 0008 001 0012 0.014 0016 0018 0.02 0 20 &0 20 00 o0 40
Siniy ne (Gae\lle)

P
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Muon HLT W

WlSCONSlN

Similar reconstruction to the offline one: tracker and muon chambers hits =~
available for a full fit to the trajectory of the muon

- “Standalone” track reconstruction in the muon chambers only
- “Combined” reconstruction uniting Muon+Tracker

Outside-In and Inside-Out track fitting; track reconstruction quality; and
depth of penetration in the system used to reduce misidentification

Isolation around the muon direction can be used to reduce rate
Typically high efficiencies and robustness versus pileup

12 2015, 13TeV 2015, 13TeV
> 7[ R ] —F—F ‘ T T 7T I L 17 | S B | ] >1 _2_| WM T T T T | T ‘ T T ‘ ]
Q [CMS : isoMu20_OR_IsoTkMuz20 o [ CMS | IsoMuz0_OR IsaTkMu20
CICJ " Preliminary Il <2.4 ] % 1 Prehmmary  Pp22GeVli<24 4
S . f . — H ‘G g s s . gt
= [ e T ) ] = ]
T i i' ] L 0-87 ......
08 4 :
; ] 0.6/ |
08~ o ' O e s s .
L s ] - ~MC
04 +Da.ta ,i 0‘2:_ SRV NS -.-Data i
0‘2ﬁ (.E) ng 1 1 : 1 1 1 1
i : ] 2 EE e S
0—'='='=! o gl ea sl ey o eslayul igofl - EEZ -:::;':::: “““““““ e '—E— ik
0O 20 40 60 80, 100 _120 140 ’ 5 10 15 20 5
Muon P; [GeV] Number of Vertices
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Tracking & B tagging @ HLT W

WlSCONSIN

AAAAAA

Offllne algorithms for track reconstruction are too slow O(10s) to be used online

—> [terative tracking algorithm used to achieve O(100ms):

« Each step reconstructs a specific subset of tracks (prompt, low/high pt,
displaced)...

* First reconstruct the most energetic tracks (high pt seeds)—> remove hits
associated to found tracks —> repeat pattern recognition with looser criteria

CMS Data, 2012, {s=8 TeV, Preliminary

o

20 30 40 50 60
average pile-up

? 57 T T T ‘ T T T T T T T T T T T T T T

— - ¢ 2012 tracking ]

M 4'5§ = + code optimization .

) ; I  4A[ A +PV constraints .
trajectory seeding _ _ S @ _ |+ *region p_cut@iter2 :
— e — g: 3'55 + triplet@iterd + parabolicMF . 3

— OO0 L . 7

trajectory bulldmg P o—c = 3§+ + reduced tracking / m E
< 25 A

£ of / A& .

S : Vol E

g1 e

= 05 e 7

© Y- =

— 7

40—'2 1

o
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Tracking & B tagging @ HLT W

WISCONSIN
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Offline algorithms for track reconstruction are too slow O(10s) to be used online
—> lterative tracking algorithm used to achieve O(100ms):

» Each step reconstructs a specific subset of tracks (prompt, low/high pt,
displaced)...

 First reconstruct the most energetic tracks (high pt seeds)—> remove hits
associated to found tracks —> repeat pattern recognition with looser criteria

2015, 13 TeV
> 1
Q . i
s cms
'9 I} N L . "1
S [ Simulation Preliminary T
T
S [ Y CSV-PU20,25ns 3
] CSV - PU 40, 25 ns )
3107 CSV - PU 40, 50 ns e
F CSVv2+IVF - PU 20, 25 ns E iy
C CSWW2+IVF - PU 40, 25 ns v i
L GSVW2+IVF - PU 40, 50 ns i
¥ 'y
" “
" ‘.
102 NANRT A gen ‘Y:i.__ﬂ ............... g e
A V4 | \/A or-bretidentiticat N
LIVRE VK EUL T A ITCA AR CILICELRACER T
v "‘
" h 1 0. Y4 h']
trained usipg ttbar
‘&
A
hi
)
10.5 | | | | | | & Al | | | | | | | | |
0 0.2 0.4 0.6 0.8

b—iet efficiency
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t-jet tagging at HLT W

WISCONSIN

MADISON

et (E, > 60 GeV) identification (mainly) in the tracker:

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
. L
© [
—— e
g2 L 3 F |
g ”6 i %f‘b & H =% T —% B jat
q:.? f_‘-; e e e e o o : ;: - m, = 500 GeV 60 fb-l
A § et'(mA‘=<00'GeV) ~17 % :% [ tang = 20 with b and
U g %5 YOTNO
o ) & 1/3 prong selectlon :;]O - Total T tagging
10 l s prong selectlcn § | vackground Signal
. PNAQ1 J i i
50 700 150 200 250 300 .350 400 450 500 5 =QSQCD_L-—
EX (GeV) r
2.9 -
Further reduction by ~ 5 expected for 3-prong QCD jets R i el v o o

from T vertex reconstruction (CMS full simulation) e R Mitemn (CeV)
H/A
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Jets and Energy Sums W

2015, 13 TeV
. . g [ '
Again, the techniques are now very close g T 5
to offline ones ool 5 oms
- - - - muiation Frelimina
Both simple calorimetric based and PF- N : v
based algorithms are available for Jets, 5
missing energy and HTT 0af— |
o2/ : e
Jet clustering: L
300 400 G600 BOO 1000 1200 14{)9 1600 . 1800 2000
° anti_kt jet With a 0.4 cone as the SumofLeadlng+5ublead|ngJe1:;r[GBV]
default jet algorithm CMS Pretminary 2015, 13TeV
1.2 Trigger: HT800 {1 g0
 anti-kt jets with 0.8 cone to trigger on ) e(H, > 1000 GeV) =98.701% .
boosted topologies (top, W,Z,Higgs : © 400
tagging) 508 {1200 é
. - . . S o6l <1000 &
« offline-like pile up subtraction 5 Jso0 £
0.4 600
02:_ 5400
I 1200
0800 800 1000 1200  1400°

Offline H. [GeV]

ParticleFlow: Comprehensive event reconstruction algorithm that aim to identify all the particles in the event.
Heavily used in CMS to exploit the excellent track reconstruction of the detector
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CMS HLT Time Distribution {j

(example from early 2011) WISCONSIN

Prescale set used: 2E32 Hz/cmz
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 Overflow: Tri |
- verflow: Triggers domg\
200 particle flow
reconstruction (esp. taus)
1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
% 20 40 60 80 100 120 140 160 180 200

msec
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Fraction of Events

10%

10°

10

“HLT Time Distribution: Run 2

Monte Carlo simulation, MinimumBias @ 13TeV
Black: 20 PU  Blue: 40 PU

Expected HLT Performance

0

THE UNIVERSITY

WISCONSIN
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2015, 13 TeV

L =7 * 10¥ em? s - Avg: 66.5ms
L = 1.4 * 10* cm2 s - Avg: 162ms

I cMms

Simulation Preliminary

full track
reconstruction and
particle flow

e.g. jets, tau

T II]III|

FT.*Wlll ; £

T IIIIII|

|

1P 8 P P

IIllJIIJIILllIJ[llI 1|

© T TTTTIm
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CMS DAQ for Run 1 W

2016 WISCONSIN

T |GTP %l:] eo | Detector Front-End Drivers ( FED x ~700 ) | I
e i ) 512 |
@ LﬁL:l—L;l Lf Read-out of detector front-end drivers | [r ,h
=2 LLLLEELL Lhad |11
J' | P"d 256x256 FED Roufer . FED Data Balance (6 clos-256) ; P 256x256 FED waflnaf |
& ‘ 1 i i P P P PN L O e OO PO I o T 0 100 H‘Z
| Event Building (in two stages)
| HFBi 5:12 b:: J FELD SeTS [ORD K T.L] MTE"
I I'III[ REER R ITTTITYT
|
x . 72 ‘ L AL I [F—
- | I}IL__I I%lGJ | I-: :I.:.I:I :||j. | bl _-::I L]
EYM H Readoul Builder 1 ] | EVE] M-n =4 Readoutl Bullder 2 EVM !ﬂﬂ = Readout Builder 8 I
vl l I ® . B B W '.'I-'i
oo BCIICICY) High Level Trigger on full events 18 G IS IS i
eyl Storage of accepted events T = |
[ b=d Conlroll Sarvices Network ]
12.5 kHz 12.5 kHz 12.5 kHz
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CMS Run 1 2-Stage Event Builder @

WISCONSIN
Detecior Frant-End Drivers { FED x =700 )
i 512
H Lrjlw_{;]'“ Ll'- . Front-End Readout Links (-~ 512 FRL ) ' [E v
= LLALULLg fagqpset LLLLLL]
l | b EEE:ZEE!iED Router 1st Stage “FED_bu”der” 256x256 FED Hﬂm; |
Assemble data from 8 front-ends into
B one super-fragment at 100 kHz 100 KHz
e |
L,,H FB 1 Ed 2 Mg . FED Builders (Bx8 x 72) . P72
LRI ERRRARLL - T
% . 72 ‘ L i [—
= | I%IL__I I%lGJ | |-j :I.:.I:I j'lf' | Pl _-;:I (]
| EWr HH Raeadoul Buildar 1 ] | | EVid |-n =} Readoul Bullder 2 EVM !ﬂﬂ P Readout Builder 8 l
vl ! I . 7 . ” -|
oo [BIEICNCICT ] 8 independent “DAQ slices | ER BN S B i
e Assemble super-fragments into full events ' - |
[ b=d ConlrollSarvices Network ]

12.5 kHz 12.5 kHz 12.5 kHz
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10 GbE
replacing
Myrinet

New uTCA
readouts
interfaced
thru BU
AMC13

New CPUs

Infiniband
switches

DAQ is an
order of
magnitude
smaller!

Filter Farm:

CMSSW from

files

Distributed file
system for
backend

0

THE UNIVERSITY

‘.HUfJNuN

M A D

CMS Run 2 DAQ ~ All New

lGTPIC

=

1 Timing, Trigger and Conlrol (TTC) front-end distnbufion system

l

- +

i New
Detector Front-End Drivers { FED x =700 ) FEDs

Optlcal readout link

Legacy readout link

Trigger Throttle Systemn (TTS). Fast Merging Module (FMM)

O LINK-64 “OLD” , ~-SLINK express
% dGbs = — Input: old FED copper 400 MBs Slink, new FED 4/10 Gbs opticai auua | 1Ul.;-ns
. &
Frontend ReadoutOptical Links " M_w
e : l 2
r - f@ Patch panels [ lu

,10'Gbls TCP/IP T

Data to Surface ~ (2 x) 576 x 10 GbE links (5.8 Ths)

links from FPGA I

TR 00 Mini DAQ
!
(8 EEHDR) ﬁﬁ“ H

asx 12040 Data.Concentrator: Individual 10[40 Gbis Ethernet swﬂches be

EVM/RUs. 84 PC

£ 56 GbpsIB-FDR
o

P psCa::re Event Builder:, ,,.,/:f 2

F 56 Gbis FDR Infiniband = Fe

= 56 Gbps IB-FDR 4l | * |

= BU, BU, BU, _B!_l._ .HLI.

8 40 GbE m-;%%;; sxancee == Event Filter SIS sxsnee =[S &8

3 wwoer UEmuoese lattached by Crrrrpprrr v T
L e e by = ~,|

5 10 GbE b4 54032 (1/10 GbE) 110/40 Gbls [« ocoerusfEH| | 28

m n

Ethernet

Daia bacons (1040 GoE]_ Storage:

B 2+ o EE

BU-FU appliance
-1 BU (256 GB RAM, 2TB magnehc disks)
- 16 FU nodes
- FU: Dual ES-2670 8 core {2 x1 GbE)
FL: Dual X5650 6 core (2 ¥1 GDE)

FU PCs

Crer Cluster file system

-1 BU {256 GB RAM, 2T8 magnetic disks)

8 FU nodes
- FU: Dual Haswell with 14 cores (10 GbE)
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Run2 system:

* new L1CALOQO pre-
processor and interface
to Central trigger.

* new muon chambers
and Tile calorimeter
input to endcap
L1MUON.,

* Central Trigger with new
Topology Trigger and
Central Trigger
Processor modules.

* initial deployment of Fast

Tracker (FTK) in HLT
(Next slide)

Beyond Run 2 (Pre HL-LHC):

" Calorimeter detectors

Tile calorimeter D-layer

Muon detectors

Level-1 calorimeter
r

Level-1 muon

ATLAS Run 2 v.1 TDAQ

0

THE UNIVERSITY
2

WISCONSIN

Other Detectors
b
Detector
Read-Out
|\FIEJ FE| ... |FE]|[FE
DataFlow

ReadOut System

Ll

L 2

| Pre-processor L ] ¥
Endcap Barrel
sector logic | | sector logic
Electron/ || Jet/ I_| ,_l
Tau Energy §
| lcone | 1] enx MUCTPI E
: 3
Topol 3
_» Topology cre ||| -
CTPCORE |
—_—
. oo
Central trigger
| Level-1 {< 2.5 ps)
Regions
Of Interest RO
Requests
v
High Level Trigger
Fast TracKer HLT processing Pl S B
) data

Data Collection
Meterork

SubFarm Output

« Cal Trig: Increased granularity for better isolation
 Mu Trig: Endcap suppresses fakes using New Small Wheel

MADISON

2012

20 MHz
40 MHz

Post LS1

1.6 MB

2.4 MB

Level-1 aceept

70 kHz
100 kHz

100 GB/s

" 240 GB/s

Level-2 requests

25 kHz
40 kHz -

Event

6.5 kHz
12 kHz

600 Hz
1 kHz

y

8 GB/s

- 60 GB/s

building

10 GB{s

- 29 GB/s

960 MB{s
24 GB/s
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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

AAAAAA
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ATLAS, CMS Trigger W,
SSlzois HL-LHC Upgrades Wisconsin

Maintain current physics sensitivity
at HL-LHC challenging for trigger
« EWK, top (and Higgs) scale physics
remain ceigical forgﬁL)-LHC Py

« Cannot fit same “interesting\’; physics
events in trigger at 13-14 TeV, 5x1034 cm-

¢ Increasing p; thresholds reduces
signal efficiency 02

 Trigger on lepton daughters from H—ZZ i
at pr ~ 10-20 GeV oL

6-10"26 56" 465660 70 80 90 T0C
* Very easy to reach the worst case: thresholds true muon p_[GeV/c]
increase beyond energy scale of interesting processes

e Backgrounds from HL-LHC pileup further reduces
the ability to trigger on rare decay products

* Leptons, photons no longer appear isolated and are lost in
QCD backgrounds

* Increased hadronic activity from pileup impacts jet p; and
MET measurements
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ATLAS Simulation, 14 TeV
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CMS HL-LHC Evolution W

WISCONSIN
— Detector Front-Ends
Level 1 [ -
Trigger T T T T 1  — —— 40 MHz
S H H 0 1 || |Readout 100 kHz — 750 kHz
l T — L _H__H ] ' ' | Systems
Event Control
Manager P Builder Network Manl;lt
onitor
2 Tbps — ~50 Tbps
Filter 1 kHz — ~7.5 kHz
Systems
[ 1T T T 1 I —
Computing Services

HL- LHC: Lumi=5-7 x 103

<PU> =140 - 200 (increase x 6 -8 v.run 1)
E=13-14 TeV (increase ~ 2 v.run 1)

25 nsec bunch spacing (reduce x 2 v. run 1)
Integrated Luminosity > 250 fb-' per year
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Muon

ATLAS Upgrade Evolution W

WISCONSIN

MADISON

b 4

v

R ek
AALIEUNANAL TV

1

Calorimetry _

b 4

Level-0 trigger
Q(6 us)

F 3

1 + 2
LICULTOTTTCS

Tracking

- GBT -
E::;;‘:é‘gﬁ I %24 | Fm];z;inai;mk —>( :X: I—’ ROD/Read-out buffers >

(FELIX)

Detector Specific Common

~8k GBT

Level-1 trigger
400 kHz O(30 s)

~200 x 200 Gbps links

ReadOut System/Driver

Multi-layered data network

10 kHz

Levels of Selection 3
Selecti Level-0 1000
election
rate (kHz) Level-1 400
HLT 10
Eventsize Raw ~5
(MB) Compressed ~3
Network bandwidth (GB/s) 1000
Rate (kH 10
Storage ate (kHz)

Bandwidth (GB/s) ~30°

" after compression at HLT

High Level Trigger

O(s)

Mass

storage
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=28 ATLAS & CMS L1 Tracking ()
SSlzois Trigger Wisconsin

Reduces Leptonic Trigger Rate ~ .~

 Validate calorimeter or muon trigger object, e.g. discriminating
electrons from hadronic (r’—yy) backgrounds in jets

« Addition of precise tracks to improve precision on p; measurement,
sharpening thresholds in muon trigger

* Degree of isolation of e, y, n or T candidate

* Requires calorimeter trigger trigger at the finest granularity to reduce
electron trigger rate

Other Triggers

* Primary z-vertex location within 30 cm luminous region derived from
projecting tracks found in trigger layers,

* Provide discrimination against pileup events in multiple object triggers,
e.g. in lepton plus jet triggers.

Example: CMS Track Pass Fail
Trigger design finds high transverse /
stubs with py = 2: momentum /4

s

Same electronics
reads two sensors

| low transverse v
!’ momentum
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ATLAS & CMS @ HL-LHC ©

TTTTTTTTTTTTT

An introductory Summary WISCONSIN

AAAAAA

 Divide L1 Trigger into LO, L1 of latency 6, 30 pysec,
rate £ 1 MHz, <400 kHz, HLT output rate of 5-10 kHz

e Calorimeter readout at 40 MHz w/backend waveform
processing (140 Tbps)

* L0 uses Cal. & p Triggers, which generate track trigger
seeds

* L1 uses Track Trigger and more fine-grained calorimeter
trigger information.

CMS:
* L1 Trigger latency: 12.5 pusec
* L1 Trigger rate: 500 kHz (PU=140), 750 kHz (PU=200)

* L1 uses Track Trigger, finer granularity p & calo. Triggers
 HLT output rate of 5 kHz (PU=140), 7.5 kHz (PU=200)
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Require:
* Highest possible efficiency over all n for isolated high P; tracks
« Good efficiency for tracks in jets for vertex identification
* P; > 2-3 GeV (small difference within this range)
» Expect ~ 115 charged tracks with Py > 2 GeV at PU = 140
« Design for 300 tracks per bunch crossing
* Vertex resolution ~1 mm

Use:
« Charged Lepton ID
* Improve P; resolution of charged leptons
 Determine isolation of leptons and photons
 Determine vertex of charged leptons and jet objects
« Determine primary vertex and MET from L1 Tracks from this vertex

Pixel Trigger Option

* Under consideration for now, but need a strong physics case
- Challenging to meet 12.5 psec latency
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Observation so far
* Required HLT power scales linearly with pile-up
« This has been observed for PU in the range of 10-40
« Conservatively assume this continues — needs verification
Assuming
» Linear scaling with average PU up to 2000
« A factor 1.5 due to energy increase to 13 TeV

 Also conservative — takes into account complexity of events selected by L1
Trigger scaling with energy

« Operation after LS1 with 6.5 TeV per beam will quickly allow refining this

estimate |

LHC LHC HL-LHC

Run-I Phase-1 upgr. Phase-II upgr.
Energy 7-8 TeV 13 TeV 13 TeV
Peak Pile Up (Av./crossing) 35 50 140 200
Level-1 accept rate (maximum) 100 kHz 100 kHz 500kHz | 750 kHz
Event size (design value) 1 MB 1.5 MB 4.5 MB 5.0 MB
HLT accept rate 1 kHz 1 kHz 5 kHz 7.5 kHz
HLT computing power 0.2 MHS06 | 0.4 MHS06 | 6 MHS06 | 13 MHS06
Storage throughput (design value) | 2 GB/s 3GB/s 27GB/s | 42GB/s
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ATLAS Estimation of required ({
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Processing time extrapolationstoPU=200

* Run 4 rejection requirements similar/better than in Run 1-2 — 1k/100k vs
10k/400k

A factor O(50) in HLT compute power needed wrt to Run 1

Moore's law on a ~10 years period predicts a factor 100 increase

« Compute power requirements within expected technology envelope —
HLT tarm of similar size wrt to Run 1

BUT

- Software will have evolve to be at least as efficient as today on future
technologies (GPGPU, Many-cores, ARM64, ...)

Assume a similar packaging — ~50 racks

Network:
- 5SMB@400kHz — ~20 Tbhps
 Reasonable to assume
* 100 Gbps per CPU socket (computing unit)

 established (>)400 Gbps technology
* Infiniband EDR x12 — 300 Gbps
* Total number of ports ~unchanged

* Network topology and link speeds mix & match depend on compute
power packaging
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CHF/HS06 Price/performance evolution of installed CPU servers

25% performance -
improvement per CERN Computer Centre
year is not the same |.. L
as doubling

performance every HEEEEN il
2 years (more like 3) I I R A Tee

However also ; | | [t
important to notice e
that this is a power ; =~
law, so small
changes In
assumed %lyear
lead to big

differences on 10-20:  —— |
year timescale..
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Trigger & DAQ Summary O

TTTTTTTTTTTTT

Continuously Evolving WISCONSIN

ATLAS and CMS Level-1 Trigger (pre-LS3)
« Select 100 kHz interactions from 1 GHz
* Processing is synchronous & pipelined
* Decision latency is 3 us
« Algorithms run on local, coarse cal & muon data
* Use of ASICs & FPGAs
ATLAS Level-1 Trigger (post-LS3):
» Divide L1 Trigger into L0, L1 of latency 6, 30 usec, rate < 1 MHz, < 0.4 MHz
« LO uses Cal. & p Triggers, which generate track trigger seeds

* L1 uses Track Trigger & more muon detectors & more fine-grained calorimeter
trigger information.

CMS Level-1 Trigger (post LS3):
« L1 Trigger latency, rate: 12.5 psec, .5 - .75 MHz (140 — 200 PU)
* L1 uses Track Trigger, finer granularity p & calo. Triggers
ngher Level Triggers
 Depending on experiment, done in one or two steps
« If two steps, first is hardware region of interest

. yéen run software/algorithms as close to offline as possible on dedicated farm of
s

* Pre-LS3 output rate of <1 kHz.
* Post LS3 HLT output rate of 5 - 10 (ATLAS)/7.5 (CMS) kHz (140 — 200 PU)
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