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vent selection > reconstruction > Data analysis
(trigger) and calibration

* A quick intro to triggering

* Trigger hardware improvements for Run-3

 Software trigger improvements

 Non-standard worktlows

This talk: trigger tools to get more physics out of Run-3
Later talks: what we can measure/discover with Run-3 trigger system




Triggering: a rapid intro
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This works for a number of
LHC measurements (& searches...)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-010/

Standard Model Total Production Cross Section Measurements status: May 2020
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...but are we missing something?

i

What we We/zea’ on in Run-2



Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

What is interesting at the LHC?

J. Stirling / C. Fitzpatrick

Cross-section

— O eyt Cross-section * Luminosity
L‘o.......uc Ghz = nhumber of events produced
Intergsting to LHCb ollision rate
"
Ren ?
Readout rate Challenges:
jets
“ Storage
- The definition of
- ”interesting” changes
o experiment by experiment
pb
e Rare signal processes that
,,, are buried in high-rate
uHz backgrounds have to be
discarded

Part|cle energy or mass
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Intro to (ATLAS) triggers

The ATLAS trigger menu in Run-2

Hardware trigger

Software trigger

Non-standard workflows

Trigger menu decided in advance of data taking period: example for 2018

Trigger Selection L1 Peak HLT Peak

Trigger Typical offline selection L1 [GeV] HLT [GeV] Rate [kHz] & Rat_ej[l-_l?]
L=2.0x10"" cm™ s
Single isolated u., pt > 27 GeV 20 26 (i) 16 218
Single isolated tight e, pr > 27 GeV 22 (i) 26 (i) 31 195
Single leptons | Single u, pt > 52 GeV 20 50 16 70
Single e, pr > 61 GeV 22 (i) 60 28 20
Single 7, pr > 170 GeV 100 160 1.4 42
Single photon | One loose y. pr > 145 GeV 24 (i) 140 24 47
Jet (R =0.4), pr > 435 GeV 100 420 3.7 35
Single jet Jet (R = 1.0), pr > 480 GeV 111 (topo: R =1.0) 460 2.6 42
Jet (R = 1.0), pr > 450 GeV, mje > 45 GeV 111 (topo: R =1.0) 420, mje > 35 2.6 36

TRIG-2019-04, ATL-DAQ-PUB-2019-001

- More or less flexible to adjustments (changes need very good reasons!)
- Follows priorities dictated by experiment’s physics strategy

- Algorithms for object identification/selection also make use of machine learning

EXPERI ENT UNIVERSITY
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2019-04/
https://cds.cern.ch/record/2693402
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2019-04/
https://cds.cern.ch/record/2693402

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Where are the limitations to record (more) data?

Object

Event .selection reconstruction > Data analysis
(trigger) and calibration
|
Detector readout CPU for processing events Disk/tape
. reconstruction & identification of both within the software trigger (HLT)
to ha rdwa re trlgger physics object in hardware — rates and in the offline farm to store events

Imageifrom CERN

Image fkom UChicago website
B———

Image from CMS HEPHY

// y 7.

Image from C. Bernius's ta‘rlk

I Generally triggering on what we know about / what we expect I

Main take-home point for this talk:

It we overcome these limitations, we can gain improvements

beyond sqrt(N) for the Run-3 dataset

LUND Caterina Doglioni - 2021/03/08 - ATLAS trigger, PITT PACC workshop
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https://www.oeaw.ac.at/en/hephy/research/cms-experiment-at-lhc/trigger/
https://www.oeaw.ac.at/en/hephy/research/cms-experiment-at-lhc/trigger/
https://home.cern/news/announcement/cern/souvenir-no-other
https://home.cern/news/announcement/cern/souvenir-no-other
https://cds.cern.ch/record/2276781/files/ATL-DAQ-SLIDE-2017-636.pdf
https://cds.cern.ch/record/2276781/files/ATL-DAQ-SLIDE-2017-636.pdf
https://hep.uchicago.edu/atlas/trigger/
https://hep.uchicago.edu/atlas/trigger/

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Where are the limitations to record (more) data?

i v 20D ‘ . — Object
e Vent selection > reconstruction > Data analysis
(trigger) and calibration

Detector readout
to hardware trigger

I Generally triggering on what we know about / what we expect I

For Run-3, see e.g. \ For ideas, see e.g.

LHCbH and ALICE this talk by M. Pierini

velated: Ben Nachman’s talk later
LHC Olympics paper

LHL}
Trtﬂar and’ Online

||,1 de of the
Online - Off|

Deferred to HL-LHC and

future experiment trigger talks...

[some ideas from the Snowmass Instrumentation Frontier]

LU I:}/D Caterina Doglioni - 2021/03/08 - ATLAS trigger, PITT PACC workshop 10
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https://indico.in2p3.fr/event/20424/contributions/92502/attachments/62853/86263/IWAPP_Feb2021.pdf
https://arxiv.org/abs/2101.08320
https://indico.in2p3.fr/event/20424/contributions/92502/attachments/62853/86263/IWAPP_Feb2021.pdf
https://arxiv.org/abs/2101.08320
https://indico.fnal.gov/event/44402/
https://indico.fnal.gov/event/44402/
https://cds.cern.ch/record/1701361/files/LHCB-TDR-016.pdf
https://cds.cern.ch/record/1701361/files/LHCB-TDR-016.pdf
https://cds.cern.ch/record/2011297/files/ALICE-TDR-019.pdf
https://cds.cern.ch/record/2011297/files/ALICE-TDR-019.pdf

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Where are the limitations to record (more) data?

I _ Object
Event .selectlon > reconstruction > Data analysis
(trigger) and calibration
e I
L1 hardware trigger
reconstruction & identification of
physics object in hardware — rates
The | £ Number of events
. e |mportance O . Recorded,
trigger turn-on curves: N but not used for analysis

Naively: the more events we record,

the more we can analyse Used for analysis

Pragmatically:
- we want to reduce rates from events that we are not -
going to analyse (e.g. fakes, below turn-on...) Heser ¢ Leading jet pr
. . . efficiency
- but also: if we limit ourselves to analysing events
99%

where the trigger is fully efficient, we are missing out
(especially in steeply falling distributions)

>

Sketch: A. Boveia, CD  Leading jet pr

Eurpeon R;;';i; .. ATLAS LUND Caterina Doglioni - 2(
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Where are the limitations to record (more) data?

" — Object
vent selection > reconstruction > Data analysis
(trigger) and calibration

CPU for processing events

both within the software trigger (HLT)
and in the offline farm

CPU Usage Per Group ATLAS Preliminary Both online and offline (+ grid) CPU farms
B have a large but limited processing power
Electron Photon
Muon — this affects how much data we can process promptly /
Tau offline and therefore the trigger thresholds
Mhasing Enery to overcome this limitation:
Beam Spot
Other
rerbeee _ . . Use non-standard workflows
Zero Bias Optimize online/offline : :
Tau Overay reconstruction code that reduce (immediate) CPU use
Minimum Bias + R f t - I .th
0.0 75 15.0 225 00  Aim for similar performance for anz Igzlerclglgo?‘rsatogogt mrgfe
CPU Usage [%] e online and offline physics objects 9
o (K )O) ) of the data we want
ot ATLAS LunD Caterina Doglioni - 2021/03/08 - ATLAS trigger, PITT PACC workshop 12

EXPERIMENT UNIVERSITY



Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Where are the limitations to record (more) data?
|

133‘-’@%} i ,
q& —- i .
A h‘“f"‘\ ‘l 9 > Event selection > reconstruction > Data analysis

At (trigger) and calibration

\ UV
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b yo—
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Object

Disk/tape
to store events

« A naive estimate of LHC data sizes: As'ess ”a'Ve‘eSt'mate (dom'rTaEff?' by MC needs).
» up to 30 million collisions/second (MHz) i) - ATLASPreliminary AN E
. o 4.5F 2020 Computing Model - Disk E

+ 1-1.5 MB/data per collision S 4E o Baselne E
« Assuming no improvements, this increases with pile-up % N 55 « Sl o N

Iz — v Aggressive , 0

* 30 MHz * 1 MB =30 TB/s ° 35_— Sustained budget model A | E
. * . _ - (+10% +20% capacity/year) g o E
30 TB/s * 10e+6 s/year (day & night) ~ 0.05 ZB/year N e e E

- (Conservative R&D, u=200) X -

2F e =

[Facebook 2014]: 600 TB/day ~ 200 PB/year e E
- “There's always a bigger fish” 1_ _
[C. Tully's talk @ siRTDM18] 0.5 _ E

. - : : Use non-standard s A AR L3
But bigger fish also have bigger money... workflows 2000 2022 2004 2026 2028 2030 2032 2034
that reduce disk use ComputingandSoftwarePublicResults] Year

to overcome this limitation: Refine trigger algorithms

and selections to get more
of the data we want

,o TLAS Lu N/D Caterina Doglioni - 2021/03/08 - ATLAS trigger, PITT PACC workshop 13
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ComputingandSoftwarePublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ComputingandSoftwarePublicResults
http://www.apple.com/se
http://www.apple.com/se

Hardware trigger improvements for Run-3




Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows
The ATLAS Run-3 trigger system
Calorimeter detectors Other Detectors
‘ lile calorimeter D-laver @ 4 2012 Post LS1
Muon detectors including NSW 20MHz | 1.6 MB
/ 40 MHz+24MB
"" Level-1 calorimeter éLevel -1 muon 4 I‘ | Detector [] ‘ 1]
Preprocessor lmdcq;d Barrel .1 || Read-Out | | | ||
aMOCM sector lo sector ¢ FE FE FE FE
> ‘ ¥} ‘ ~l Al_. _.l_. Fll:.lk "“kl.lv/'- 1'00.68/3
l T | Encrey z 100 kHz + 240 GB's
CMX | || [ omx 8 oD | |
/ ReadOut System N L
Central trigger ) Levelol requests
Level-1 (< 2.5 ps) 25kHz | 8 GB/s
40 kKHz 1 60 GB/s
Regions Of Interest ROI > Data Collection Network
Requests o
High Level Trigger Event building
6.5kHz | 10 GB/s
12 kHz T 29 GB/s
V)
-——
Event dala
v 600 Hz | 960 MB/s
e 24 G
A4

European Research Council
E=tablizhed by the Europear Commission

EXPERIMENT

ATLAS LunD

UNIVERSITY
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Intro to (ATLAS) triggers

Hardware trigger

Software trigger ~ Non-standard workflows

LlCalo fOr eleCtr ons and phOtOnS: eFEX ATL-DAQ-SLIDE-2020-310

Run1 &2
Trigger Towers

<

AnxAQ® =0.1x0.1

Run 3
SuperCells

®
Layer-0

T
» More granular input for electron and photon

identification in Run-3
« Can be used for more sophisticated algorithms

L1 Electron Trigger Efficiency

ATL-COM-DAQ-2018-019

0.8

0.6

0.4

0.2

- ATLAS Simulation Preliminary =
— R x et n o d o o g

---e--- Run 2, L1_EM24VHI
—+— Run3eFEX, E_>21 GeV

Run 3 eFEX, E > 28 GeV

Caterina Doglioni - 2021/03/08 - ATLAS trigger, PITT PACC workshop
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O 10 20 30 40 50 60 70 80 90 100

o

Truth Electron E_ [GeV]

* Much “steeper” turn-ons for Run-3
* Improves the rate of useful events
» Trigger rate depends on threshold
* Run-3 L1 21 GeV threshold leads to same event

rate as 24 GeV Run-2 L1 threshold
« ET>28 GeV has half the rate as ET>28 GeV

16


https://cds.cern.ch/record/2728112/files/ATL-DAQ-SLIDE-2020-310.pdf
https://cds.cern.ch/record/2728112/files/ATL-DAQ-SLIDE-2020-310.pdf
https://cds.cern.ch/record/2309479
https://cds.cern.ch/record/2309479

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

L1Calo for jets, MET and taus: jJFEX . oo

HH — 4b, with close-by jets

from LAr:

Menu/ _ Parameters
Databases

12 bits (E7) + 1 bit for Saturation flag > I LI | LI | LI | LI | LI | LI | LI | LI ]
e, tweme 2 - ATLAS Simulation Preliminary -
wontie 2 || RS AP APl b EE SR L AR AR
s AE=500(250] Gev = : ¥ cee® o* Iy *e *ete ¢ * * :
LAr + Tile LIJ — : * -
5 0.8 * Vs =14 TeV, <u> = 60 ]
g [ . | ]
= 06 - . 4 Offline: p, > 30 GeV, Inl <25 N
TOB Generation -.G_J' T At least 1 jet within AR < 0.6 .
&:;:vi ;org;:::vvme@u.a Gbps link speed : : Online: 3 jetS required :
L1Top - - 04 __ + * ¢ Run 2 L1 __
Board prototype, from arXiv:1806.09207 i : " Antik, from jTowers -
0.2~ K +  Run 3 jFEX —
« Used to trigger on jets, MET and hadronic taus [t ]
. Inputs; calorimeter towers 0O 50 100 150 200 250 300 350 400
ATL-COM-DAQ-2018-019 Offline Jet p_[GeV]
° i -/° > L L | I!
Improvements with respect to Run-2: more S [AmLasreiminary R
refined algorithms, e.g. S - e .
i i . )
* square jets (Run-2) —rounder jets (Run-3) 5 0.8~ . ~
k=) i o :
(o 0.6 ]
L - . i
* x - - pileup <u> = 60 .
-l | . |
04 = , Vs=13TeV Data 2017 .
i e Z—uu, L1_XE50 ]
« improved pile-up mitigation 0.2~ .+ . Vs=14TeVMCRun3jFEX —
+ use custom noise thresholds on inputs - e ZH->vvbb, XE>57 GeV
Y .I. L 1 1 l 1 L L 1 l L 1 1 1 l 1 1 1 1 l L 1 1 1 ]
« MET calculated after average energy subtraction 050 100 150 200 _ 250 _ 300

SIS —\ 7

SRR ... ... ATLAS LunD Caterina Doglioni - 202 Using run-2 as reference E'"[Gev] 17
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https://cds.cern.ch/record/2309479
https://cds.cern.ch/record/2309479
https://cds.cern.ch/record/2719536/files/ATL-DAQ-SLIDE-2020-135.pdf
https://cds.cern.ch/record/2719536/files/ATL-DAQ-SLIDE-2020-135.pdf
https://cds.cern.ch/record/2641645/plots
https://cds.cern.ch/record/2641645/plots

Intro to (ATLAS) triggers

Hardware trigger

Software trigger =~ Non-standard workflows

L1Calo for large-R jets and MET: ¢FEX

* Inputs to the board: coarse towers from entire calorimeter

« |deal for large-R jet identification

pFPGA #3

e L o L i e
[~ ATLAS Preliminary Simulation - Anti-k,R=10
I Z' il event.m, = 1.75 TeV
L my = 77.7 GeV, m,,, = 180.1 GeV B W boson

* Calormeter dlusters B
Subjets, CAR =02

nHygyci
JI

Run 3 L1 'Iarge-R jet trigger

1 1 rie L
05 0 05 1 15

 Full-scan algorithms can be used for event-level
quantities (e.g. pile-up density)

2

25

Boosted top simulation

> T I T | T | T
o 1.0r
GCJ B .* # A 1’;—'\ 7]
S5 F 8, o T
— x*
0 0.8 o b '
= I e O & |
- - e U A .
W L K| o i
» _—
g 0.6 a* b ATLAS Preliminary
- - Simulation .
- ﬁ -
L o O il I _ i
= tf ys=14 TeV (1)=80
0.4+ = A anti-k; R=1.0 (5% trimmed) I
- o g >1k; D=0.3 subjet withp >20 GeV
- * 2 ' |<2.5; isolated by A R>2 =
- N i
0.2+ = = 4 L1J100 (Run1L1Calosim)  L1_G140 —
_ -« O 1subjet ® 1subjet |
L O' O = O  2subjets B 2subjets _
N A &N =3 subjets A =3 subjets
1

f\ﬂ | | 1 | 1 |
01066@8@& 200 300 400 500
uncalibrated p‘ft [GeV]

More efficient triggering on large-R
jets-with-subjets (with gFEX) than
Run-2 (standard square jets)
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https://hep.uchicago.edu/atlas/trigger/
https://hep.uchicago.edu/atlas/trigger/

Intro to (ATLAS) triggers

Hardware trigger

Software trigger

Non-standard workflows

Muon trlggers and the New Small Wheels (NSW)

NEW SMALL

MUON WHEELS *

Better identification of “real” low-pT muons using coincidences
L1MuonTriggerPublicResults

Q _I T 1T ] T T 1T l T T T T I 1T I T 1711 ] T T T T l T T 177 l T T T I_
(1] & 7
518000¢ ATLAS Preliminary 1
16000 Phase | upgrade study .
8 C Data i's = 13 TeV, 25 ns ]
2 14000 “-y 1.3 <P <2.4 E
: — -
=] 12000 £ Run-2 (BW + FI) ]
- 0000 [ BW + NSW(dn:d9) ]
- - S BW + NSW(dn:do & dh:de) -
8000 I -
6000 ... =
4000 ks =
2000 bt s —
o
Offline p’"“°” [GeV]
o + IR T\ \/7
B 7 ] European Research Council T AS Lu N D
by the European Commiasion EXPERIMENT UNIVERSITY

entries / 0.06

"
O

moo::-mcnxlooco

x10

- ATLAS Preliminary
C Data 2017, ys =13 TeV

— —— L1 MU20 2017

= [_]rejected by Tile coincidence

C rejected by RPC BIS 7/8 coincidence (estimation)
[ [_]rejected by NSW coincidence (estimation)

Il expected distribution in Run 3

E [ offline reconstructed muons

[ offline p_ =20 GeV

II|IIII|IIII|III

l T T T T ] T T T T I T T T T I T T T T

JL dt=291fb"

IlllllIII|lllllIIIlllllI|IIIl

Muon level-1 trigger rate [Hz]

Lower rate = lower thresholds

—
<

—_
(@)
(3]

10

10°

Significant trigger rate from endcap muon detector
» Replace forward muon detectors with improved
New Small Wheels
« NSW playing significant role in Run-3 triggers

MuonTriggerPublicResults

: T I TT T l rTrTT I TrTrT l T I T I T l T Ij
- Vs=14TeV L=10"cm?%' -
i e Extrapolation )
i without NSW 7
| A Inl>1.05 |
3 v l<1.05 E
C = Extrapolation ]
C with NSW ]
n_ﬁh
3 . e S
S S :
v \\\"‘\. 1
oy ]
= ATLAS Preliminary v
71 111 I 11 1 I L1l I 1111 l 1111 I 11 11 l 1111 l 1111
5 10 15 20 25 30 35 40 45

P, threshold [GeV]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonTriggerPublicResults

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

L1 trigger combinations: L1Topo

L1Topo: trigger board to combine L1 objects in multi-object and topological algorithms
B. Carlson @ PITT-PACC 2017

) Run 3 system Electron ely/t
Calorimeters Granularity [0.25x0.1] Feature
Extractor s
[An x Ad] E Small .Ang:dl::qcutq — LI accept
L. .d DlgltlZC 0.1x0.1 Jet R =04 Jets o
1qul supercells e EEE S Y aa
) \ J B Feature LITopo (&5
At gon [0.025 x 0.1] Extractor Medium
electromagnetic R =10 Jets
& Global Pl riurd
hadronic i Feature S
Extractor Large
Digitize
m_‘ Trigger towers
[0.1 x 0.1]
hadronic

*muons not shown

& qoF T T T T ]
o "t ATLAS Preliminary ]
k) | Data 2018, Vs=13 TeV i
&5 1= R ahdr ShinShie &% Shts AR SRR £ 50 05T
g)_’ : + HLT selection seeded by L1 ij =500 GeV: —f:
2 08 O mes 1+ Case of VBF topologies: can select
0.6/~ TP . large-dijet- mass events already at the hardware level
0.4 Cmesememer 1+ Can also be tailored towards e.g. measurements /
L P!> 90 GeV, i <32 i . .
02| 4 Eemoeumes . searches in the forward region
L An >4.0,A¢, <2.0 ]
08001600 1200 1400 1600 1800 2000 TriggerOperationPublicResults

Offline MJ.’J.“aX [GeV]

e R e
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https://indico.cern.ch/event/592671/contributions/2402210/attachments/1418470/2172578/Carlson_BSMTrigger_Feb24_2017_v1.pdf
https://indico.cern.ch/event/592671/contributions/2402210/attachments/1418470/2172578/Carlson_BSMTrigger_Feb24_2017_v1.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults

Software trigger improvements for Run-3

ATLAS Final State Machine

HLT Run Control (HLTRC)
execute state ransitons

ransitons, eg tavsoprun

|

HLT Muilti-Process Processing Unit
(FLTMP PU) [mother]
noak:e and fork. montor e chidren

athena

/1N

HLTMPPU HLTMPPU HLTMPPU Error Reporting System
fchiid] fchid] fchid] ERS)

execute evert lcop execute event lcop exaite event locp

HLT Processing Unit

athena athena athena

~N |

Data Collection Manager (DCM)
provde ev (-4

ent fagments and process HLT resuft

Data Flow Infrastructure

Note: ATLAS is rewriting its trigger software using multithreading (AthenaMT)
Not covered here, for more information, see these proceedings by R. Bielski



https://cds.cern.ch/record/2674286?ln=en
https://cds.cern.ch/record/2674286?ln=en

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Pile-up (and tracking)

Increase in dataset size means increase in instantaneous luminosity
— increased number of simultaneous interactions / beam crossing — pile-up — higher trigger rates

,;‘80: T T T T T ] o 600? T UL L T T LI R [Ill&—_‘ '_é' TTT T T I T[T T T[T T T T[TTTT 7T TTT IR RAR ]
= oE AT sy E L - ATLAS Online, 13 TeV det=1 46.9 b ] < o5l ATLASTrigger Operations .
g | a0z PP ALY ] 9 500/ 2015: qu»= 13.4 g Data 2016, Vs= 13 TeV Y
€ 60— 2016pp is=13Tev - g E ] 2016:<u>=25.1 C_ 3 - T 1
& L ——2017pp is=13TeV . 5 - [ 2017: <u>=37.8 _— @ 20~ o E7 (mht)>110GeV o —
S [ e 2018 pp s =13TeV ] o 400— ) DI e o E7f“(mht)>130 GeV 5 1
- 50F . 2 C [ 2018 qu>=361 S s EP*(pufit) > 110 GeV ;
bt o ] £ C [] Total: <u>=33.7 = g N ET(mht) > 110 GeV 3
E, 40— — 3 300 — 2 15 and E™*(cell) > 70 GeV I\
= C ] he) L i | o - g
8 30 — g C ]
] S 200— - é
20 = 2 C ] 10 4 &‘I%
= - :’ © al s
. ]z 100— — 8 ;{5 .
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. . ) A
Month in Year Mean Number of Interactions per Crossing 0o 5 10 15 20 25 30 35 40 45 50

Average number of interactions per bunch crossing

Trigger and data acquisition systems are designed to be as robust as possible to increased pile-up

How to meet the pile-up challenge:
- Software tracking
- Challenge: computationally expensive
S FTK paper: arXiv:2101.05078 accepted by JINST
W - Detector timing
- Challenge: precision / simulation
- (Not covered in this talk)
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Design and optimization of software tracking

ATL-COM-DAQ-2020-104

Fast tracking sufficient Precision tracking needed
= for e.g. object identification for e.g. b-jet tagging
(only prepare data once) generation
> 1.2——— 77— 7 T T = L L L L B L B L L B B
e x £ o4 ATLASPreliminary -
R S 1 esssessssscsssescessosessse — c [ Data2018 {s=13TeV i
1 Level 2-like T r° r ¢ ] L | Offiine track p_> 1 GeV i
: p \ 0,98k E % 0.08/~ * 55GeV b-?ettrfgger:Fast.tr.acking . .
| Datapreparaton : R O G steoteoioion :
FaSt traCking : b ’ 0.96~ ATLAS Preliminary ] @ 0.06r z;150GeVb—jettrigger:Precisiontracking N
' ~ - relimina 1 i . v
step | FastTrackFinder osal- Srezoef-taiey S T AL o
;S ’ 15 GeV electron trigger ] °5 84a : ' o0 ae® : i‘ 86 8o
1 l 0.921~ o Fasttracking 7 0.021— “eCea RaRERRABaa0o0 N
! - © Precision tracking i C
can reject ! Trigger Object I - L N T | T T T
early ' | Reconstruction and Hypo Offline electron track - 2 - 0 ! 2 3
1 Offline track n
: ATL-COM-DAQ-2020-059
inputto  evemrerke | " . .
— « Rewriting of software tracking for Run-3 currently ongoing
v : P S T ki )
Precision tracking [ eeion Eeeng ] [no public results yet]
; | l « Improvements to offline tracking also included
Ste ! : : : : : .
P | {Recoiéi?fiﬁo?i{iﬁ‘wpo] » Machine learning-based improvements: see next slide

On track to have high-rate full-scan tracking to be used in
reconstruction of HLT objects (including long-lived signatures)
& non-standard workflows
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Intro to (ATLAS) triggers Hardware trigger

Software trigger

Further improvements: machine learning

Non-standard workflows

ATL-COM-DAQ-2021-003

CPU time grows linearly with the number of tracking seeds (due to combinatorics)
— reduce the number of fake seeds as soon as pOSS|bIe

ML algorithm

(Classifier based on Kernel Density Estimator)

can predict probability of pair of hits
belonging to the same track

0
pas
m E g | T I 1 4 1 J ] I 1} T T T l 14 T T T ] L 1 1 4 14 I 1
+ § 8 :— ATLAS Simulation Preliminary + Predicted correct hit association —:
= = E Monte Carlo 13 TeV tf <p> =80 Predicted incorrect hit association E
D 7 i -
— — - * . —
0 = - . = - 3
8 6 g S
© C .o, E
= SE ot .
_C : - . :
Y— 4 - - - —]
o - } . 3
G.) : '\A . . :
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ATLAS Simulation Preliminary
Monte Carlo 13 TeV tt <u> = 80 full detector fast tracking

® with Machine Learning extensions

- - without Machine Leaming extensions

11117‘

3

2 1 0 1 2 3
Truth track n

Total Speed-up Factor Seed Generation Seed Processing Track Fitting

2.3% 1.3% 3.3%x 1.5%

< u> Efficiency Loss (%) Total Speed-up Factor

40 0.7 1.6x
60 0.7 2.1x
80 1.1 2.3x

_For use in the tngger trained predictor implemented in Look Up Tables (LUT)
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

There will be new triggers...

All graphics from H. Russell's slides, HEP Software Foundation Trigger & Reco WG, 2019

analysis shows

appreciable gain
over existing menu

and implements
selection as trigger

physics analysis
realises existing
triggers are
EGELVEICRET 6!
develops selection

first online data is
scrutinized to

ensure trigger
performs as
expected

trigger is deployed
online

ieather Russell, McGill University

trigger becomes
an official part of
the physics menu

if necessary,
selection or
algorithms are
tuned to fix rates,
CPU usage

trigger is validated
in test samples
(l.e. it does what
it's supposed to)

Now is the time to request trigger to record data in Run-3! | '
(good physics motivations & theory/experimental cross-talk always welcome) el
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https://indico.cern.ch/event/815233/contributions/3436144/attachments/1849044/3034822/20190522_HSF_trigger_2.pdf
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Non-standard workflows towards Run-3




Online p Offline

Object

> reconstruction >

(trigger) and calibration

Event selection

Data analysis
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What if | really
want this data?
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Online 4 p Offline
(mzealh Object
E ;{' B > ventt Selection > reconstruction > Data analysis
| A (trigger) and calibration

Y —

1 What if | really
: want this data?

PR | [ like
‘ 3
| |
| )
|

1. Analyze as much data as possible, as fast as possible
+ Real-time analysis (Trigger-Level Analysis / Data Scouting / Turbo Stream)

2.Save a little less data per each event

« A prerequisite of real-time analysis, but can also save more (Partial Event Building / Selective Persistency)
» Requires making hard choices on what information to keep for further analysis

3. Save data for further reconstruction, later

« Periods between data taking can be long...reconstruct when offline CPU available again
(Delayed stream / Data Parking)

« Byproduct: make data & workflows FAIR and sustainable!




Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

A paradigm change, started in earlier runs 3o

Asynchronous data analysis
First record data, then reconstruct/analyze it

Real-time data analysis
Reconstruct/analyze data as soon as it is read out
so that only (smaller) final-state objects
or histograms need to be stored
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Regular trigger & data analysis path

only if trigger passed

¥ Sy ‘ - Trigger event Full event ) Standard data

&

S LuN

EXPERIMENT UNIVERSITY
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Turbo stream (LHCb),

Turbo/Data Scouting/ TLA path , possecs

only if trigger passed

> Trigger event
reconstruction

In any case X

Partial (HLT-only)
event reconstruction

\

Special trigger
analysis stream

\Y4

Analysis with trigger objects

Full event ) Standard data
[> reconstruction [> Main stream [> analysis

\S
a(\a\\J S
e 31
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

(Near-)real-time analysis of LHC data

Can either store large
amount of data for a
small number of

> :> events....
Enormous >
amount of > \
data read in >
at L1 trigger >
level >
>
Graphics by K. Pachal . ... or small amount of
Fixed amount of data for many, man
/ bandwidth % Y
events
v
Perform as much “analysis” as possible @ HLT Reduced data formats:
- Reconstruction & calibration - Only keep final trigger objects (drop raw data)
- First preselection to skim "backgrounds” - Save only "interesting” parts of the detector

- A combination of the two

R ® ST
ST N
&3 VN,
NG g
2| e ) 1E3
NS
g ity
g
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Intro to (ATLAS) triggers

Overcoming storage (and CPU) bottlenecks

Hardware trigger Software trigger =~ Non-standard workflows

Save many more smaller events

Size of full event

Size of RTA event
(relative to full event)

h 9
TRIG-2019-04
Stream Average event size
Physics, express 1 MB
Trigger-level analysis 6.5 kB
Calibration 1.3kB to 1 MB
B-physics and light states 1 MB

- Allows to record and store
much higher event rates

European Research Council
ztablizh y the Eurey Cemmission

ATLAS LuND

EXPERIMENT UNIVERSITY
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Intro to (ATLAS) triggers

Hardware trigger Software trigger =~ Non-standard workflows

Overcoming storage (and CPU) bottlenecks

Save many more smaller events

Size of full event

Size of RTA event
(relative to full event)

TRIG-2019-04

Stream Average event size
Physics, express 1 MB
Trigger-level analysis 6.5 kB
Calibration 1.3kB to 1 MB
B-physics and light states 1 MB

Allows to record and store

much higher event rates

o %

e 3@
V54 e\
L w\Z\
s |z
I

prese sy
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriegerOperationPublicResults

— 30 : : ]
I ATLAS Trigger Operation
=, HLT stream rates
40_,(; 25+ pp data, September 2018, vs=13 TeV
- mmm Trigger-level analysis
% 20 = B-physics and LS \
v Main physics 2 \;,\ /
I mmm Express : \
= | mmm Other physics S
= 151 o Monitoring smaller event
Calibration (&& lower LHC
10¢ instantaneous lumi)
. — higher HLT rates
— lower thresholds
0 09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]

Use all the CPU, all the time
L HC end-of-fill @ unused HLT farm nodes
Can lower the HLT thresholds to record more

trigger-level events
Note: this does not work with lumi-leveling, so not clear this will
happen in Run-3
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

More with less: Partial Event Building (=Selective

Real-time analysis is necessary for searches
that would otherwise have been impossible due to trigger constraints

Traditional offline analysis still required for a number of searches/final states
where all raw information is needed (but we could do better)

Partial Event Building / Selective Persistency as a middle way:

save raw data && trigger objects only in the regions of interest, re-reconstruct later
H. Russell, EPS-HEP 2019,

Example of customizable outputs @ LHCb:

- keep trigger objects only (7 kB)

- keep trigger objects + “on-demand” raw and/or
reco in selected regions (< 200 kB)

- keep everything (200 kB)

HSF Trigger & Reco / Institut Pascal discussion, July 2016:
https.//indico.cern.ch/event/835074/

e.g. events for low-pr muon
performance save only data in
oy cone around J/Y - uu candidate
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

More, later: delayed streams (= data parking)

If offline CPU availability is the bottleneck to recording more data:
delay data reconstruction until LHC ends taking data and the (Tier-0) farm is free

Run-1: delayed stream (HT>500 GeV) brought large
advantages for hadronic searches

,1'.—' ~ 1 I 1 I 1 I 1 I 1 I I 1 1 I 1 1 1 l 1 1 1 ' 1 1 1 I:

0
= - e o 0 0 0 © 0 0 0 o o o
.. ,.i,‘ 10 - ATLAS L] 2 —
* Dijet resonances (as a precursor to TLA): 2 E Normal stream only o =
arXiv:1407.1376 > g [~ ® Delayed stream added : i

. . - L] O
*  RPV stops (with b-tagging): - 1E N E
arXiv:1601.07453 : 00 -
- Also used for 2012 jet energy scale derivation 10" .of =
: . :
e ] -
Run-2: also available as “safety net” in case Trigger Level 2L KN a
Analysis saw events - ' §
- ] -
H . 103 3 o. =
* A public answer to yesterday’s questions about RK S \(5;(7)1Toev s;gLeV =
iS in the neXt Slide '4 i | I 1 1 | I | 1 1 I 1 | 1 I | 1 1 l 1 1 1 l | | 1 I—
10

200 400 600 800 1000 1200 1400
Reconstructed m;[GeV]

Run-3: plans to expand use of delayed stream

t LD s

LUND Caterina Doglioni - 2021/03/08 - ATLAS trigger, PITT PACC workshop 36

UNIVERSITY



https://arxiv.org/abs/1407.1376
https://arxiv.org/abs/1601.07453v1
https://arxiv.org/abs/1407.1376
https://arxiv.org/abs/1601.07453v1

Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

More, later: delayed streams (= data parking)

TRIG-2019-04, ATL-DAQ-PUB-2019-001

depending on their primary use case and their specific offline reconstruction needs. Figure 1
shows the average recording rate of the physics data stream of all ATLAS pp runs taken in 2018.
Events for physics analyses are recorded at an average rate of ~ 1.2 kHz.? This comprises two
streams, one dedicated to B-physics and light states (BLS) data, which averaged 200 Hz, and
one for main physics data, which averaged 1 kHz. The BLS data are kept separate so the offline

reconstruction can be delayed if available resources for offline processing are scarce due to high
LHC uptime.

— 30
T ATLAS Trigger Operation
= = HLT stream rates
I i H . . \_=
£ 2500, T :h:;;c;::aa':d — ATLAS Trigger Operations % 25} pp data, September 2018, v3=13 TeV
2 — _ = Trigger-level analysis
g —-= Average total rate (1.2 kHz) Data 2018, Vs =13 TeV, p-p runs 5 20} ™= B-physics and LS
@ 2000, — = Average rate Physics Main (1.0 kHz) £ Main physics
3 0 m Express
) - == Other physics
g i' 15 === Monitoring
g Calibration
< 10
5

0 09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]
3.5
ATLAS Trigger Operation Calibration
April  May June July August September October 3.0 HLT stream bandwidths . == Trigger-level analysis
Date of run : pp data, September 2018, vs=13 TeV s B-physics and LS

N
w

Figure 1: The average recording rate of the main physics data stream and the B-physics and light states data
stream for each ATLAS pp physics run taken in 2018. The total average of all runs is indicated as a red
dash-dotted line, and the total average of the main physics stream is indicated as a blue dashed line.
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Intro to (ATLAS) triggers Hardware trigger

Software trigger =~ Non-standard workflows

An example: some very exotic signatures

Mapping of exotic signatures to big picture of
benchmark models not always easy
— difficult to prioritize = may be difficult to

decide what exactly to include in trigger menu

Signatures with a common denominator:
unusual tracks/energy distributions,

more or less lOCalized in the detector

How do we make sure we don’t miss these events?

increasing
event rate

1. write dedicated trigger algorithms N

2. save a mixture of raw data and trigger-level objects

3. save (custom-reconstructed) trigger-level objects only

increasing
event size

4. save any of the above and reconstruct data later

5. [outlier detection]
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Inspired by K. Pedro & C. Fallon's talk @ DMLHC2019 and by this twitter thread
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Intro to (ATLAS) triggers

Hardware trigger

Software trigger

Non-standard workflows

What is needed to operate

the Run-3 trigger

Designing, implementing, operating...
P

Standard | Anas
Trigger menu
2759 Py sics_ppv7 Change
Current prescales b9
L1 15186 HLT 17989
prescale set for STANDEY
STANDBY 15186  STANDEY_BCRP1397
T 17989  STANDEY BGRP1397 Chunge
prescale set for EMITTANCE
22912 EMITTANCE
T 18175 EMITTANCE
prescale set for PHYSICS
1 24005 FPHYSICS_EGRP2181_21p1p43_updatedEBxmi_Bee...
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Select Run= 352056 v Stream= express_express
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v Pass=1v
Jump to Run  Display side-by-side with Run(-processing)= 351456 v

..and monitoring

Run 352056, 1/express_express

LB Change= Entire Run

v Clickto Go Supermpose
Show side-by-side

.
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» Llinterfaces: Green
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Trigger DQ Eff. ATLAS DQ Eft. | Integrated Luminosi

Year Dataset L1 [Sog] HLT [%] [%] of iood quality dat'c:y
2015 pp @ 13TeV (50ms) | 100.00 | 99.94 88.77 84 pb!

pp @ 13 TeV 99.97 99.76 88.79 327!
2016 pp @ 13TeV 98.33 | 100.00 93.07 337!
2017 pp @ 13 TeV 99.95 | 99.96 95.67 441!
2018 pp @ 13 TeV 99.99 | 99.99 97.46 59fb !
2015-2018 || pp @ 13 TeV 99.57 | 99.94 95.60 139 fb-1

arXiv:2007.12539, submitted to JINST
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Intro to (ATLAS) triggers Hardware trigger Software trigger =~ Non-standard workflows

Conclusions

Interesting time for high energy collider physics:
we don’t know what to expect from new physics
(but we have a prior: it should be somewhere)
we have the LHC running now,
and the data we discard is gone forever

)

Let’s make the most of Run-3 LHC data
by recording as much useful & (re)usable data as possible!

Closing note: Real-time decision making (=trigger) challenges
exist across all LHC collaborations and beyond HEP
— HEP Software Foundation trigger & reconstruction WG (website] [indico category] [Most recent whitepaper]
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https://hepsoftwarefoundation.org/workinggroups/recotrigger.html
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https://arxiv.org/pdf/2008.13636.pdf
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The ATLAS Run-2 trigger system

Calorimeter detectors

TileCal | Muon detectors

Detector
Level-1 Calo } 4 4 Level-1 Muon i Read-Out
Preprocessor Barrel
sector logic

—

CP (e.y.1) || JEP (jet, E)
Muon CTP a
Interface §
MUCTPI
( ! 5 DataFlow
—: LlTopo |« T>’
Central Y Read-Out System (ROS)
Trigger
Processor
(CTP)
0
Level-1 2
5}
' & Data Collection Network
Rol ! Fast TracKer [«------
(FTK) AR
h 4
High Level Trigger
(HLT)
Data Storage
Accept >4 g
Processors
Event -
Data Tier-0
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