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Introduction

e ataluminosity of 1.234 cm2s, or 12 Hz/nb, the LHC will produce ~1 billion
inelastic proton-proton collisions per second

* tosave all of these collision events, the larger experiments would need to read,
process, transfer, and store, tens of TB per second, or hundreds of PB per hour

* but do we even need such large amount of data ?

 the more interesting physics processes are much, much rarer than the
inelastic proton-proton scattering !
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LHC operations in 2016 I

« two proton beams, colliding at an energy of 13 TeV » o,,=80mb
« 25 nsbunch spacing
« ~2000 proton bunches, colliding every 11.2 kHz
» collisions at ~23 MHz

Instantaneous Luminosity
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Introduction

* ataluminosity of 1.234 cm2s, or 12 Hz/nb, the LHC will produce ~1 billion
inelastic proton-proton collisions per second

* atthe same luminosity, we expect the production of more than 1000 W and Z per
second, 1 tt pair per second, a few Higgs bosons per minute ...
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Introduction

e ataluminosity of 1.234 cm2s, or 12 Hz/nb, the LHC will produce ~1 billion
inelastic proton-proton collisions per second

* atthe same luminosity, we expect the production of more than 1000 W and Z per
second, 1 tt pair per second, a few Higgs bosons per minute ...

\o
* finding one Z boson is like finding a single person in a city like Stockholm !(,0"\0
2
_ o
* finding a tt decay is like finding a single person in all of Europe! (')‘("
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Introduction

e ataluminosity of 1.234 cm2s, or 12 Hz/nb, the LHC will produce ~1 billion
inelastic proton-proton collisions per second

* atthe same luminosity, we expect the production of more than 1000 W and Z per
second, 1 tt pair per second, a few Higgs bosons per minute ...

\0
* finding one Z boson is like finding a single person in a city like Stockholm !(,0‘\0
2
) ol
* finding a tt decay is like finding a single person in all of Europe! Q}‘("

* finding“g _ Ly s like finding a single person on the whole Earth !
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Why do we “trigger” ?

» lastyear, the LHC produced at ATLAS and CMS

2.7 67" (13 TeV)
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Why do we “trigger” ?

» lastyear, the LHC produced at ATLAS and CMS

SN T

Events / GeV

* ~3millionZ - pp events

 ~50thousand Higgs bosons

1 S e fi@2
L invariant mass [GeV]
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Introduction
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What does it mean ...

... to “trigger” ?

Analyse as quickly as possible all the collision events
— low latency and processing time

Discard as soon as possible, as quickly as possible, the events deemed not interesting
— high purity

While keeping as many as possible of the interesting physics events
— high efficiency
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Trigger Signatures
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A layered approach

» different architectures
* no “one size fits all” solution

» take advantage of the information
available at each step

LHC

Level 1 Trigger

e successive steps
« reduce data rate -

* increase granulaity and complexity OFfline reconstruction
and analyses
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Level 1 Trigger



Level 1 Trigger: CMS

* fast readout of the detector, with a coarse granularity

muon chambers Electromagnetic
(RPC, CSC, DT) Calorimeter

* implementation
* hardware: ASICs and FPGAs
* synchronous operation
40 MHz LHC clock

* constraints from the detectors
* pipeline: ~4 pys to take a decision

* readout: 100 kHz maximum output rate 53
Hadronic "

Calorimeter °

2016.07.25 Andrea Bocci - Trigger For LHC Physics 16 /52



L1 Calorimeter Trigger

 Combines inputs from the electromagnetic and hadronic calorimeters
» applies position- and energy-dependent calibrations

* Look for signatures of several physics objects
* electrons, photons
* jets, tleptons

 Computes global quantities:
* total transverse energy (ET) and missing transverse energy (MET)
* sum of transverse energy from all jets
* etc
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Level 1 Jets

1. Look for local maximum above jet seed threshold

2. Apply mask to surrounding tower (antisymmetric to

avoid double-counting of overlapping jets)

An = 0.783

3. JetEr=)TTin 9 X 9, jet centre = highest energy TT

v HHHHAHBAAE
«< >
Ag = 0.783

Local correction to jet using energy in TT strips surrounding jet area:

EEEEEEEEE
EEEEEEEEE B

EORANE060 TFSub*cract total energy in lowest 3 sides -

smemmmmmme | avoids overcorrection from overlapping jets
o o

1T
1T

IEE Use 3 strips to mitigate fluctuations, but
- LEkeeping correction local and robust
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Level 1 Electrons and Photons

« discrimination between jets e jsolation
and e/gamma candidates « energyin a 6x9 region
« H/E (ratio HCAL / ECAL energy) e E+Hq-E,:-H,, <isolation cut
* clustershape .+ function of position and pileup
e/g like jot ke : “HCAL
°
ECAL
Examples of
cluster shapes

B isolation region

» estimate pileup from the number of trigger towers above threshold
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Level 1 Taus

-’EFHI Clustering

‘ n
¢ I v

Calibration

\/

Shape veto

TT are regrouped into clusters
Basic object to form L1 tau candidates

Search for neighbors in a defined path
(tau decay products can be spread out)
~15% merged, 85% non merged

Compute isolation as E(6x9) - E (tau)
PU subtraction at hardware level

Improves energy resolution

Cluster with certain shapes are rejected
Additional background rejection
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Level 1 Muon Trigger

CMS L1 Muon Track Finders

* collect hits and track segments from each muon
detector

* reconstruct muon tracks from the hits and segments
in the different regions (barrel, overlap, endcap)

 for each candidate

- measure p; from muon track bending in the
magnetic field

- assign n, @ and quality from the track properties

CMS Global Muon Trigger
« combine the candidates from the three regions

 removes duplicates

aTe

* select the 8 leading muon candidates
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Bringing it all together

combine the information from the L1 trigger ATLAS Level {Trigger

candidates wa T"'i calorimeters | | "Gimion | | chamben | | detacton
E H Level-1 muon detectors
° ATLAS TO po log i Ca l a nd L1 Calorimeter Trigger ~
Central Trlgger Processor 0 Lol | Ve Level-1 Central Trigger
. vel- e

* CMS L1 Global Trigger Topological | {ETE
if the event passes any of the L1 trigger i ] =
a lg O ri th m S coe Trigger, Timing and Controls Network ‘ ‘

 one or more candidates above thresholds
correlation between candidates (An, Ag, ...)

A®, An
e etc \/

Isolation,
... accept the event cvertan removal HoM avte,£)

perform the full readout of the detector b-tagging... Fat jets
send the event to the High Level Trigger

P 4

Transverse Mass,
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A trigger “menu”

L1_SingleMu16 L1_SingleEG20
L1_DoubleMu_10_3p5 L1_SinglelsoEG18er
L1_DoubleMuOer16_WdEta18 L1_DoubleEG_15_10
L1 _DoubleMu_10 0 WdEta18 L1 _TripleEG_14_10_8
L1_TripleMuO, L1_TripleMu_5 5 3
L1_QuadMu0 L1_DoublelsoTau28er
L1_DoubleTau40er
L1_SingleJet128 L1_Mul16er_Taulet20er
L1_DoubleJetC84 L1_IsoEG20er_TauJet20er_NotWdEta0
L1 _TripleJet_84 68 48 VBF
L1_QuadJetC40 L1_Mu4_EG18, L1_Mu5_EG15,L1_Mu12_EG10
L1_Mu5_DoubleEG5, L1_DoubleMu6_EG6
L1_ZeroBias
L1_HTT100
L1_SingleMuOpen_NotBptxOR L1_ETM50
L1_SingleJetC32_NotBptxOR L1_MuOer_ETM40, L1_Mu10er_ETM30

extract from CMS Level 1 Trigger “menu” (2015)
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Pileup

 remember?
« collisions at ~23 MHz
* 12nb"'/sx80 mb=~ 1000 MHz
* average pileup at peak luminosity ~ 42

* onaverage, each “interesting” collision
event is overlaid with more than 40
“minimum bias” collisions

* these “pileup” events are
* independent from the “interesting” one
* hard to disentangle without detailed tracking information

 whatis the impact on the triggers ?
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Pileup

» some triggers are mostly unaffected
* e.g.single lepton triggers, or high pT jet triggers

2016.07.25

unprescaled rate / num colliding bx [Hz]

Rate Monitoring

fix) = 0.08433+ 0.14448"x + 0.000157x*2

10 runs:

Bl 258425 (1596 b)

B 258427 (1596 b)
258428 (1596 b)
258434 (1596 b)

B 258440 (1596 b)
258445 (1596 b)

B 258448 (1596 b)
259626 (589 b)
259721 (517 b)
260627 (2232 b)

— Fit(3.00)

> 20G

eV (|20§15|)

€115 single muon trigger, pT p 20
10 15 20 25
<PU>
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unprescaled rate / num colliding bx [Hz]

Pileup

* some triggers are heavily affected
e e.g.triggers based on multiple objects or global quantities like missing ET

1 [y = E _I LI I LI | L I LB LI DN BR | | LI | LI | [ O T I LI LI I_
016~ CMS i A a8
: [  Rate Monitoring g —  ATLAS Operations I
14 | T H =3 - —
= ‘ 1(x) = 0,00892+ 0.00131"x + 0.00015"x"2 2 12— 2015 Data, Vs = 13 TeV " —
C - A ) . o
012 g xC 50 ns pp Collision Data . -
[5¢] — —
0.1E %l E without pedestal correction E
; ] . : —
0.08 i LEAR i A AR —— BIANL- i SLINOCE % : i W|th p9d8513| correction :
' S e - i
0.06 il : .
= - e ]
41— ...0”. —]
0.04 B e I
C E R o
0.02 | : = =
CMS triple muon trigger, pT > 5, 5, 3 GeV = | | | | ATLAS (mssmg ET tr/gger (;015 ) ]

1 1 1 10 1 1 1 1 15 1 1 1 1 20 1 1 1 1 25 1 00 0'5 1 1‘5 2 2 5 3 5 B%
<PU> Instantaneous luminosity / bunch [10°" em’ s']

. but they can be improved with various “pileup subtraction” techniques
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But, wait ...

... where does the limitation to the Level 1 Trigger rate come from ?

the information in input to the L1 trigger is available for every collision event
* byitself, the L1 trigger could even accept every event

accepting an event means triggering the full readout of the detector
* thisis limited by the detector electronics, front-end boards, and DAQ system
 For CMS and ATLAS, the limit is 100 kHz
 fFor LHCb, the limitis ~ 1 MHz

trying to read more events causes back pressure and dead time
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Dead time

* dead timeis the fraction of time that a detector is unable to process its input
* becauseitis already processing the previous events
* because of problems in the readout, etc.

= i T D e i A R TR i B
w E i o 3
. 80~ ATLAS Online Luminosity =
£ £ [ LHC Delivered 15- 16 May, 2010 e e
2 705 [ LHC Stable Beams LHC Fill 1104 o A p e —————
S 605 [] ATLAS Recorded Ns =7 TeV 3
= E
g so- E
= E 3
£ 40 =
= = ] .
S0E E CMS Level 1 trigger rate
20 =l
il 3 e accepted events
£ R e T lost events

kb= ol e e YA T 15,000
14h 17h 20h 23h 02h 05h 08Q 11if 14h 17h $0d

AR ‘. _,- — .. = r' . _-_‘___ — -:_M—_r_” i
Example of dead time due to e emman it L
detector readout issues Example of dead time due to high trigger rate

» deadtime is unbiased, that is, it does not depend on the events being lost
* must be taken into account when considering the integrated luminosity !
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High Level Trigger



High Level Trigger

* the events accepted by the Level 1 Trigger are
* read out from the front-end electronics

(voor) (<o) (e

« assembled in by the DAQ E { Custom ],._—f — ) e () E
Hardware - ——————— §
* reconstructed, analysed and y Level 1 Accept zop] (rop] (rop] [
filtered by the High Level Trigger Level 1] Resuits -
) . . 7 ' 2000 \:‘:;‘_:_.,___ —[H Readout System

» the High Level Trigger is software-based & } muitcore| ) U] e
= Event Z 3
. 1 ragl nents A
« C++, ROOT, experiment's framework, ... i || e EE 47 z

* runson a cluster of commercial computers = = > A

« process events in parallel o L

* runs at the L1-accept rate (100 kHz ~ 1 MHz)
* reduces the event rate to 1 kHz ~ 10 kHz

Permanent Storage

* the performance of the HLT is as close as possible to the offline reconstruction

« similar algorithms and calibrations, optimised for speed
« selection criteria looser than the final analyses

2016.07.25
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High Level Trigger: CMS

* full readout of the detector at 100 kHz, with Full granularity

muon chambers Electromagnetic
(RPC, CSC, DT) R Calorimeter

* implementation
* C++ software: CMSSW
« runs on commercial PCs
e quasi-synchronous

e constraints
 ~200 ms average time to take a decision Tracker

« ~1kHz average output rate
Hadronic
Calorimeter
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High Level Trigger: CMS

what can we reconstruct at HLT ?

°* muons * taus
e “L2" stand alone muons * particle flow reconstruction
 “L3" global and “tracker” muons e jets, MET, HT

 photons « calorimteric jets and MET
* based on ECAL superclusters » particle flow-based jets and MET
* calorimeter-based id » pileup correction and rejection

« electrons * b-tagging
* based on ECAL superclusters, * secondary vertex reconstruction

pixel tracks, and GSF tracking . softlepton based b-tagging

but also
e razor, a, dE/dx, ...

* calorimeter and track-based id

 general

« particle-flow based isolation - jet substructure, ...

» pileup correction for isolation
and jet energy

2016.07.25 Andrea Bocci - Trigger For LHC Physics
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High Level Trigger



HLT constraints — processing power

vead data aies R
N  the amount of time that the HLT can use to take a decision is

limited by the available processing power, for example
« 20'000 CPU cores
* 100 kHz input rate

local ki gives the HLT an average of 200 ms per event

veconsTruction

UV\PaCk L1 deCiSiOW Producer

check event Type

check L1 trigger

Producer

 what methods can we use to speed up the HLT ?

intermediafe  mmm  regional reconstruction

candidates
- around L1 candidates

reject often, reject early

- intermediate reconstruction steps

regional fracking
parficle flow

HLT candidates ikt - reject events as soon as possible

modularity and reuse of the reconstructed quantities

o
"
e
b
S
-5
e
-
e
3
-
'
@

* good enough reconstruction
- trade large speed gains for small accuracy drops

write output dafa

trigger “path”
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HLT path structure

5 100

- o E ||||||.-
the simplest HLT paths: %0 CwS preliminary 2010 *
N 805_ s=7TeV

= pass-through of L1 selection oF  JetE, Barrel
0 I . g
o no additional selection 60}
L 5 50f-
o .g no bias with respect to L1 s0f-
Qo 30F-
™ O :
N < 20F

0] E
8 = 10;—
& o 0590 20 50 40 5060 70 80 80 100°
cC ,O_ Ee® (GeV)
& &
© 0o
2 3
T,
=,
0]
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HLT path structure

=
-5

- ATLAS
- <4-Data 2010 ..

the simplest HLT paths:
pass-through of L1 selection

_.
[
|

Entries/1[%]

=
[
*
|

no additional selection : . :
no bias with respect to L1 F . E
2 f— *‘ ’4‘ —

next step: 0 bonsanseeees®® W . Ttteceveene

T T B R T 20
confirm L1 object with full granularity/ (E2E9 VEO (3]

fast reconstruction technique
improved resolution

uoljn)osal anoldwi

oWl UoI3dNJISUO0dal 9SealdUul
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HLT path structure

?14__"I""I""l""l""I""I""I"'_
the simplest HLT paths: = | ATLAS . E
. § 2F +Data2010 .o
=% pass-through of L1 selection g o F .- . E
n ] . ]
= no additional selection A5 . E
=1 . . 6 | . -
B no bias with respect to L1 3 . E
- M
@ O F .
N < - * -
o M next step: o bosassseeses®® W -
- B . . . . /20>/D -5 0 5 15
e+ »» |confirm L1 object with full granularity f 3 (E 2.0 )/ES
E @) T | B I S T
o c fast reconstruction technique v 4sf
T T . ) S [ ATLAS .
E improved resolution £l ‘
T, e
= . . . o y
) continue adding complexity :;_
improve quality of trigger object, 1\ :
approaching offline resolution £ S
. . ) oks 5_'”-’ Ll 5 "0
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HLT Timing

Expected HLT Performance 2015, 13 TeV
look at L1 information| £ i
. o L =7 * 107 cm?s™ - Avg: 66.5ms
fast accept/reject \3"6}0_1 CMS i Ly = 1.4 10% cm? s - Avg: 162ms
.g Simulation Preliminary
ks average time is critical

slow events have a large
impact on the average time

reconstructionof | |

leptons and calorimetric
object
10°
e.g. muons, photons -
Full track

reconstruction and

partiCIeflow IJIIIIlI ||||||||||||||]|||||||
; 00 800 1000 1200 1400 1600 1800 2000

e.g. jets, tau F Processing Time (ms)
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HLT menu

single source:
RAW data
selected by the L1 Trigger

-
-
-—
-—
-—

-—
-—
-—

Producer Producer Producer Producer Producer Producer Producer Producer

trigger paths
run independently
of each other

Producer Producer Producer Producer Producer Producer Producer Producer

Producer Producer Producer

common modules and sequences are
shared
across different paths

Producer Producer Producer Producer Producer Producer Producer

Producer Producer

Producer Producer Producer Producer Producer Producer Producer Producer

Producer Producer

selected events are output to different
data streams
with different rates, content and size

R TT Ry
RN R Y
B0 oA N

g
e
o
s
g
B
g
%

= £ 3 o3
> > > >
=3 =3 £3 e
> > o>
E3 £2 ea o
<> < o &
E2 £ 3 o
> < Ea
OO ODD
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2016.07.25

HLT menu

extract from the ATLAS HLT “menu” (2015)

Andrea Bﬁ =

Trigger Typical offline selection Trigger Selection Lev[t;]‘-l-}:]lale HIE'II:IZR]ate
Level-1 [GeV] | HLT [GeV] T =510 o 25!
. Single iso y, pr > 21 GeV 15 20 7 130
Single leptons o e o1 > 25GeV 20 24 18 139
Single u, pr > 42 GeV 20 40 5 33
Single 7, pr > 90 GeV 60 80 2 41
Two u's, each pr = 11 GeV 2x 10 2x 10 0.8 19
Two u's, pr = 19,10 GeV 15 18, 8 7 18
Two leptons Two loose e's, each pr > 15 GeV 210 2x12 10 5
One e & one y, py > 10,26 GeV 20 () 7,24 3 1
One loose ¢ & one u, pr > 19,15 GeV 15, 10 17, 14 0.4 2
Two 7's, pr > 40,30 GeV 20, 12 35,25 2 22
One 1, one u, pr > 30,15 GeV 12, 10 (+jets) 25, 14 0.5 10
One 7, one e, pt > 30,19 GeV 12, 15 (+jets) 25,17 1 39
Three loose e’s, pr > 19,11,11 GeV 15,27 17,2%x9 3 < 0.1
Three w's, each py > 8 GeV Ixb Ix6 < 0.1 4
Three leptons | Three u's, pr = 19,2 x 6 GeV 15 18, 2 x4 7 2
Two u's & one e, pr > 2 x 11,14 GeV 2x 10 (u's) 2x10, 12 0.8 0.2
Two loose ¢'s & one u,
pr>2x 11,11 GeV 2x8 10 2x 12,10 0.3 < 0.1
| One photon | One y, pr > 125 GeV 22 120 8 20 |
Two photons Two loose y's, pr > 40,30 GeV 2x15 35,25 1.5 12
P Two tight y's, pr > 25,25 GeV 2x15 2x20 1.5 7
Single ict Jet (R = 0.4), pr > 400 GeV 100 360 0.9 18
gel Jet (R = 1.0), pr > 400 GeV 100 360 0.9 73
| E [ E® > 180 GeV 50 70 0.7 55 ]
Four jets, each pt = 95 GeV 3Ix40 4 x 85 0.3 20
Multi-jets Five jets, each pt > 70 GeV 4x20 5x60 0.4 15
Six jets, each pr > 55 GeV 4x15 Hx45 1.0 12
One loose b, pr > 235 GeV 100 225 0.9 35
et Two medium &'s, py > 160,60 GeV 100 150,50 0.9 9
Jets One b & three jets, each py > 75 GeV 3% 25 %65 0.9 I
Two b & two jets, each pr = 45 GeV 3Ix25 4% 35 0.9 9
. Two u's, pr = 6.4 GeV
B-physics plus dedicated J/-physics selection 6.4 6.4 8 32
70 1400 |




example: HLT electrons

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

* start from L1 e/g seeds with sufficient energy § v eI
e reconstruct the clusterin the EM calorimeter W [ N §
* isthe cluster energy high enough? :
e e Lor shape look lkean electronorphotold  “C T T _
+ reject hadrons (compare EM and H calorimeter energy) ~ °~ L™
 isthe candidate isolated in the calorimeters ? % “jsl”'3;0'”'3;5":3:””4%5”"5;0””5;5”Haio””ssmiﬂ
rel P, [GeV]

CMS Simulation, 2014,

fs - 13 TeV, P
e

iminary
T

~ ---- KF tracking
|~ — GSF tracking

a.u.

T

:\o

201o.ur.¢>

_Ikllllllllll
0 02 04 06 O

8

1

S
.2 i 'S‘an
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* look for electrons

* reconstruct the tracks in the pixel detector

e isthere a pixel track pointing to the cluster?
» dedicated tracking with the full tracker
is the track compatible with the cluster ?
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example: HLT muons

« step 1:fast

* readinner tracker and muon detector in a region of interest around the L1 muon candidates

* assign muon pT using fast look up tables, based on the muon and tracker hits

* isthe pT high enough?

e step 2:accurate

« extrapolate to the collision
point and reconstruct the

muon track
* isthe muonisolated?

 compute pT using the
tracking information

* isthe pT high enough?

2016.07.25

2.7 b (13 TeV)

= E Trigger paths
8 o F CMS .
= 107 Preliminary Jhy -y
D = . v
Tt 10°F ¢ - o
O = v I Y
> - Y B ow mass double muon + track
L 107 _E W Bs double muon inclusive
10° k z
10°
10°
103_5
1 1 1 111 I 1 1 1 1 111 I 1 1 1 1 1 L1 1 I
1 10 10°
+

Andrea Bocci - Trigger For LHC Physics
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Data Scouting at CMS

HLT

Reconstruct
| Objects

. HLT Decision gg Prompt RECO

O(1 kHz)

%0gq

100 kHz

%

* |In Data Scouting, we reconstruct at the
HLT all physics objects needed for an

ob /}epeo
s 627‘06
offline analysis oy

Scouting
Datasets

 After a loose trigger selection, the HLT
objects are saved directly for offline use

A few kz

* The event is not sent to Prompt RECO,
and no RAW data is saved
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Data Scouting at CMS

H Calo Scouting

HT > 250 GeV: Scouting with calo-jets
* Rate: 1.5 kHz (too high for parking)

[ HT > 450 GeV: Parking
* Rate: 160 Hz

Parking 5

HT > 450 GeV:
 Scouting with PF candidates
 Peak rate: 160 Hz

HT (GeV)
+ (Not to scale)

- 3

250 GeV 450 GeV 800 GeV
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What about ALICE and LHCb ?



HLT and DAQ comparison

Tricoer desi 5 for LHC Experiments have much higher
E%LAS/ High Level-1 Trigger DAQ requirements than previous experiments
reflect physics goals (1 MHz2)
’ LHCb High No. Channels
High Bandwidth
i ( 1000 Gbit/s)
1 KTev
ATLAS
- 10° & CMS
N ; HERA-B
©
T KLOE ’ CDF 1l
& oo d . - 4Dol
° .\ BaBar High Data Archives
o DF, DO (PetaBytes)
10° - . '._,
ZEUS ALICE
102 il ‘N "l | , | Different trigger

2016.07.25

.LEP

configurations
for LHCb, ALICE

Event Size (byte)
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ALICE Trigger

Unigue ALICE constraints
* Low rate of Pb-Pb collisions
* Very large events
» Slow tracking detector (TPC)

Collision

LO: Trigger detectors detect collision
(VO0/TO0, PHOS, SPD, TOF, dimuon trigger chambers)

L1: select events according to
* centrality (ZDC, ...)

* high-pt di-muons

* high-pt di-electrons (TRD)

* high-pt photons/pi0 (PHOS)

* jets (EMCAL, TRD)
L2: reject events due to

past/future protection

* no)/psi, ¥
no DO

* no high-pt photon
no high-pt pi0

* no jet, di-jet, y-jet

1 v e L 4 »

HLT rejects events containing

Three levels of
hardware triggers

&

0 1.2 6.5 88

o [useé]
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ALICE High Level Trigger

* HLT processing time dominated by track reconstruction
* massively parallel problem
* resort to a parallel solution and hardware acceleration:

 tracking on GPUs! g l |
e T U Tk
o 160 E % HLT GPU Tracker Component - e
o 140 F X HLT CPU Tracker Component, =™ 2" "= etk
v - S R LR
' & i R G T R L e i
3. o g 100 ”vf“:* """ — — —
3’50\ e
P |°,o N 43 60 f:.'::'.::::::.”.:::::::'.::.':.':::::::'.:::::::::::'.::::::.':::..................:
A i F-up tox10 speed:up wrt. the CPU:version]
oL~ | s e s e e Sy PSR
+ - cellular automaton track finder:  § 2 Eoi
ey - SR T C PP R
 Run | farm: CUDA on nVidia GPUs P i : : ;
. 0.5-10 1-10 15-10 2-10
* Run Il farm: OpenCL on AMD FirePro GPUs Number of Clusters

* CPU version (x86 + OpenMP option)
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LHCb Trigger

Inclusive+Exclusive
Full Reconstruction

Partial Reconstruction

Inclusive

High E./p: Pile-up Veto
candidates
'__rMuun ayastem
J/ Y
-"'j. gt Elsctromagnatic calorimater L 0
(Hardware) HLT1 HLT2
1 MHz
Software
E Y technical technical
@ : exotics
i - e single e EW
Q
TLUJ hadron 1 track all B2HH
electrons
1 track p radiative
9 single b single charm
S B Topological
= H di-J di-p
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LHCb High Level Trigger

* LHC delivers stable beams during ~30% of the running period
 HLT farmis idle ~70% of the time
* isit possible to take advantage of these idle resources ?

» defer part of the HLT

Sub-System State - Sub-System State
HLTBO0Z04_Controller _ y u HLTB0204_Controller _ v
]
* HLT1

Single

» first stage preselect events Cellbration i M S

Constants

* runs quasi-online, at L1 accept rate

Local buffer
4TB

DoE==y =4

* stores accepted events on a local disk

 HLT2

» second stage performs the final event filtering

I
* runs later, after HLT1 has terminated HLTY D)
bonus po| nts Data Taking Activity Processing

e HLT2 can use offline-level alignment !

| Monitoring | Storage / Monitoring |
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Conclusions



Conclusions

* therole of the trigger is to maximise the physics reach of an experiment
* within the constraints of the detector
» dataacquisition, online and offline storage and processing

* reducing the event rate from the LHC collision rate
* to what the detector can actually read out
* to what can be written to disk and analysed

» all the events that are not selected by the trigger are lost, forever!

» choose atrigger strategy for your analyses as efficient and robust as possible
 simple and inclusive triggers
* redundat possibilities
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Questions ?






Triggers and Analyses



Triggers and Analyses

» As far as the data is
concerned, the trigger
IS the first step towards
publication

* But the order is a bit
backward for physicists &

* Why?
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Triggers and Analyses

» Physicists start with an

analysis idea
* Determine what you want to look
for (i.e. where you want to go)
* Then figure out how to
select the data

» There is little point in trying to do
an analysis if every “interesting”
event fails the trigger

« Want to build a trigger that has
loose requirements that you
tighten up offline

» Design a trigger to meet
analysis goals, but...
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Triggers and Analyses

e There are hundreds to thousands of physicists on an

LHC collaboration
 All are competing for the same resources
e Only O(100) Hz of collision data available
e At L =10, this is roughly the rate of W—/{v production!
 How do you make sure your (very important) data is
kept for later analysis?
* Need to meet physics needs with limited bandwidth
 Cutting at the trigger level throws away data forever
e Potential bias to events that you analyze

* Loss of interesting data . :
“The Trigger does not determine

which Physics Model is right,
only which Physics Model is left”
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Trigger Efficiency

* In order to determine a cross section, you need to know your

selection efficiency
» Detector acceptance
* Reconstruction efficiency
 Trigger efficiency
* Your trigger Is used to collect your data
* You cannot blindly use your data to study efficiency

* Need an unbiased measurement of

tngger efficiency
Random sample of pp collisions
* Events collected by an
gnogenalmigaer e R R e
« Use events collectedby | 77 T
a looser (prescaled) trigger

* Tag-and-Probe sample

lepton probe

epton
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Trigger Efficiency

e Tri ICI ' E = o ; iminl  Trigger efficiency for |
Trigger efficiency is § ' ATLAS Prlminary Trigge b o
usually measuredas & _

a function of p: and/or S — i YT
detector position it "
. ata 2012 (1s = 8 TeV)
* We often speak of a o4f- ¢ [Lat=ss6m’

i |<1.05

trigger “turn-on” curve .|
e The turn-on curve should ¢

be as Sharp as pOSSible 0“'3'(3’“’30’"‘4‘0”"50’"15'0““70”“8‘0“”9?‘ G 100
* Prevents working in a region with unstable efficiency e

* Even when flat, the efficiency may not be 100%
e Important to consider in the analysis

EF_mu24i_tight

2016.07.25 Andrea Bocci - Trigger For LHC Physics

60 /52



2016.07.25

Turn-on curve

—
o
TTTIIFII;

o
@

i
o
IT1T;

Single Electron Trigger Efficiency
i o
o

CMS Preliminary, ys =8 T
T 1 LI l L] ]

'I'T'II 1]'[

CMS Electron Trigger
Early in 8 TeV run

lLl-lIiI

llll

nl<1.5
nI>1.5 (w/o light monitor corr.)

e— In|>1.5 (with light monitor corr.)

LJILlnl11)[1111111]1111[[1]111

36 38 40 42 44 46 48 50
E, (GeV)

Adjust trigger cond ; ] :
Increased luminosity, increased light loss in CMS EM calorimeter

er conditions to account for a changing detector
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Building a trigger

* Imagine you need events with a Z boson
e Standard Model, Higgs—ZZ, useful for Z' searches, ...

 How do you collect these events online?

CMS Experiment at LHC, CERN

CMS | Run 135149, Event 125426133
R P 15E, (GeV) il Lumi section: 1345
AT |_ A S at mocest oo ErlElmistey K (e d0Cer Sun May 09 2010, 05:24:09 GEST
e ei

A EXPERIMENT

Muon p;=67.3, 50.6 GeV/c \
Inv. mass = 93.2 GeV/c?
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Building a trigger

* |solated high p; leptons are rarely

produced in a typical pp collision
 Every Z decay has two of them!
* S0, construct a trigger that requires high pr leptons

» General strategy for building a trigger
* The simpler, the better
* Be as inclusive as possible

e Robust design YOU KNOW THIS METAL | | T SPEND MOSToF MY LFE | | BUT TODAY, THE PATTERN
RECTANGLE FULLOF PRESSING BUTTONS T0 MAKE | | oF LIGHTS 15 ALL WBONG!

o Redundancy UTILE LIGHTS? THE. PATTERN OF LIGHTS OHGOD! TRY
CHANGE HOWEVER T WANT. J PRESSING MORE

K “f'ﬁ;‘ﬂH- k SOUNDS ITSNOT  BUTTONS!

HELPING! (

s 0w kil
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Building a trigger

« Simple triggers are
» Easier to commission
 Easier to debug
e Easier to understand

e If possible, create a new
(tighter) trigger from an older

(more inclusive) trigger
At high rate, or limited
bandwidth, more inclusive
triggers tend to be prescaled

Trigger Strategy
e Simple
* Inclusive
* Robust design
* Redundancy
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Evolution of a trigger

e Initially, we started with a single lepton trigger
« Efficiency for Z events was very high
« Take our (hypothetical) single muon trigger
as an example
» Let's say we estimated the muon efficiency to be
90% using tag and probe techniques
 Our trigger efficiency for Z-uu should be...
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Evolution of a trigger

e Initially, we started with a single lepton trigger
« Efficiency for Z events was very high
« Take our (hypothetical) single muon trigger
as an example

» Let's say we estimated the muon efficiency to be
90% using tag and probe techniques

* Our trigger efficiency for Z—uu should be...99%

81% 9%+9%=18% 1%

Probability that Probability that Probability that
both muons only one muon neither muon
triggered the event triggered the event triggered the event
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Evolution of a trigger

* By using minimal (simple) trigger strategies, we
have nearly 100% efficiency in our selection
« By making our trigger more complicated by
adding a second muon (or electron), our
efficiency drops
* Must account for such effects in the analysis

81% 9%+9%=18% 1%

Probability that Probability that Probability that
both muons only one muon neither muon
triggered the event triggered the event triggered the event
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Trigger Strategy

* S0, we wish to collect events with Z decays online
* What should we do?

 Easiest solution: Use single lepton triggers
* Two leptons (electrons or muons) from the Z

as either could trigger the event
* |f you choose a double lepton trigger, D’OHI
you are insisting online that both ©
leptons pass trigger requirements
» Best to wait until you must do this
* Determined by LHC conditions,
physics goals

Trigger Strategy What is done online

* Simple cannot be undone...
* Inclusive

* Robust design
* Redundancy
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Trigger Strategy

* What happens if your trigger has a large rate?
 Remember, we can only save O(100) events/second

* Possible solution: Get Help!
» Hopefully many physics analyses (besides yours)

could use the same trigger

» Likely we are not the only group looking for lepton triggers
« Standard Model: Z, W, top
« SUSY
» Exotic signatures

» Atrigger is easier to keep if most
of the collaboration is using it

YOUR SAFETY

Trigger Strategy
e Simple
* Inclusive
* Robust design
* Redundancy
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Trigger Strategy

Don't design your trigger expecting this...

 Your trigger is going online, so it
should run on every kind of event |
* Prepare for “real life”, which
iIncludes pathological events
e Minimize (to ZERO) the
number of crashes due to
trigger design

...when life might look like this

H—>Z7Z-4
(and 25 pileup events),
with and without
Pr > 25 GeV track requirement

Trigger Strategy
e Simple
* Inclusive
* Robust design
* Redundancy
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Trigger Strategy

* Itis very useful if your analysis can be selected
using more than one trigger
* Will help understand any potential trigger bias

* If one trigger has problems (detector or LHC conditions leading to
higher rate), you can still get your data

* Try to introduce tighter triggers online before they are necessary
 Allows triggers to collect data before they are strictly necessary

* Provides consistency for physics analysis, opportunity to study new
trigger on existing data

Trigger Strategy
e Simple
* Inclusive
* Robust design
* Redundancy
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Trigger Strategy

 Trigger strategy with a concrete example

» Collecting Z events using single electron, single muon triggers

* High py, isolated leptons are rare in pp collisions
» Much of the physics (and hence the detectors) designed around this fact

* Lots of consumers in the community, SO we can use a “common” trigger
* (Let's assume that the trigger

has been robustly tested and is CMS Integrated Luminosity per day, 2010
working without problems online) ; ™ = osedmwsem-|
« We have back-up (redundant) =~ — 4 Tl
triggers in p|ace and ready for m _____ I
higher Iuminosity nn s IR 6. Y B
. Single electron/muon triggers

with tighter requirements
e Double electron, double muon
triggers also ready

07/08 03/11

& = i
3oz 12/05 25/06
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Events / 1.0 GeV/c?

2016.07.25

Trigger Strategy

Once you have the data,
analysis awaits!

CMS Preliminary

|
18.7 pb! at Vs =8 TeV
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M(u') [GeVic?)
W/Z cross section measurement
at 8 TeV (CMS, SMP-12-011) 2011/12 data (CMS,

Events / 3 GeV

CMS preliminary

III I L]

-_ + Data
30_ (] m,=126 GeV
W 2yZZ
B z+X
20

ﬁuum. vy
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400 800
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Trigger Strategy

* You should always look ahead, even when working
with the data you have
« Always more to explore, additional properties to investigate
* The LHC is constantly improving

» Higher instantaneous luminosity, so rate of W, Z, H, ... production
constantly increasing

« Very likely that our first trigger

iIdea is now obsolete

* Improvements in software will
Increase efficiency

» Additional filters in trigger
path increase purity

» But these filters reduce efficiency

 Is it time to move to double

electron/muon triggers?

Most Important: How do our trigger choices
impact the analysis, and how do we adapt?
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