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The design and performance of the inner detector trigger for the high level trigger of the
ATLAS experiment at the Large Hadron Collider during the 201618 data taking period is
discussed. In 2016, 2017, and 2018 the ATLAS detector recorded 35.6 fb~!, 46.9 fb~!, and
60.6 fb~! respectively of proton—proton collision data at a centre-of-mass energy of 13 TeV.
In order to deal with the very high interaction multiplicities per bunch crossing expected
with the 13 TeV collisions the inner detector trigger was redesigned during the long shutdown
of the Large Hadron Collider from 2013 until 2015. An overview of these developments is
provided and the performance of the tracking in the trigger for the muon, electron, tau and
b-jet signatures is discussed. The high performance of the inner detector trigger with these
extreme interaction multiplicities demonstrates how the inner detector tracking continues to
lie at the heart of the trigger performance and is essential in enabling the ATLAS physics
programme.
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Analyses like this would not be possible:
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Every H—4l event was selected because of the
successful operation of tracking in the leptonic triggers
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(~ R=1082mm Inner Detector is comprised
of 3 sub-systems:

Yo

< TRT < = Pixel Detector

N . . .

§ = 3 silicon pixel layers

= " Additional IBL pixel layer

o0

O = 4 measurements per track

g R = s54mm = Semiconductor Tracker (SCT)

o ( R=514mm , o _

. " Double-sided silicon strips

w SCT+ e = 4 barrel & 9 endcap layers
R=371mm = 8§ measurements per track

. R=299mm

Transition Radiation Tracker (TRT)

= Jayers of straw =0 n=-1In(tan(0/2)
B SR G cylindrical drift n=0.88
Pixels | R=88.5mm tubes 6=90° A~
b = track reconstruction 0=45°
R = 0mm up to Il =2.0 // p=10—"N=2.44

z (beam direction) e p=0° >N =
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The ATLAS Inner Detector

TRT <

SCT {

r R=1082mm

L R = 554mm
 R=514mm

R =443mm

R =371mm

. R=299mm

Inner Detector is comprised
of 3 sub-systems:

Pixel Detector

= 3 silicon pixel layers
= Additional IBL pixel layer
" 4 measurements per track

= Semiconductor Tracker (SCT)

" Double-sided silicon strips
= 4 barrel & 9 endcap layers
= 8 measurements per track

= Transition Radiation Tracker (TRT)

= Jayers of straw =0 n=-1In(tan(0/2)
e cylindrical drift | 1=0.88
Pixels { R=88.5mm tubes om0
R =50.5mm n 1 0=45°
R = 33.25mm track reconstruction
R = Omm up toInl=2.0 " g=10—>N=2.44
z (beam direction) """ §=0° >N =
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(~ R=1082mm Inner Detector is comprised
of 3 sub-systems:

=  Pixel Detector

TRT <

= 3 silicon pixel layers
" Additional IBL pixel layer
= 4 measurements per track

= Semiconductor Tracker (SCT)

" Double-sided silicon strips

L R = 554mm
 R=514mm

Eur. Phys. J. C 82 (2022) 206

SCT{ REam = 4 barrel & 9 endcap layers

R=371mm " & measurements per track

~ RN d%Smm » Transition Radiation Tracker (TRT)
= Jayers of straw N=0  y=-In(tan(6/2)
i i B cylindrical drift | 11=0.88
Bixale { R = 88.5mm tubes 6=90

R =50.5mm : )=45°
Lot = track reconstruction l 45

R =0mm U.p to h]l = 20 ‘):10_,,-%]22“44

z (beam direction) " p=0>—> N=2>
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i Inner Detector is comprised
of 3 sub-systems:
Yo
S TRT < = Pixel Detector
§ = 3 silicon pixel layers
S’ " Additional IBL pixel layer
c0
O = 4 measurements per track
;' - R = 554mm = Semiconductor Tracker (SCT)
= ( R=514mm . 1; -
. = Double-sided silicon strips
w SCT{ e = 4 barrel & 9 endcap layers
R=371mm = 8 measurements per track
. R=299mm

R =50.5mm

R =122.5mm
Pixels { R=88.5mm
R =33.25mm

R=0mm

z (beam direction)

= Transition Radiation Tracker (TRT)

= Jayers of straw N=0 1 =-In(tan(6/2)
cylindrical drift o 1=0.88
tubes 6=90 e

= track reconstruction 0=45°
uptonl=2.0 b=10-—>N=2.44

0=0"—>1=%
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° ° Calorimeter detectors
ngh Level Trlgger (HLT)° TileCal | Muon detectors
. . . Detector
» L1 pipelined hardware trigger LevellCalo.), vy Level-1Muon | Read-Out
Preprocessor Endcap_ Barrel .
» Identifies Regions of Interest sector logic | sector logic
(Rols) \ cP (e,;/,t) \ \ JEP‘(jet, E) \ | |
- IR R R Muon CTP =
» Software-based HLT o g
(MUCTPI) 2
> Processes Rols from L1 or S DataFlow l
—> L1Topo ©
detector Full-Scan > contral E Read-Out System (ROS)
. oy = Trigger
» Information from the silicon Processor
- CTP
detectors available (€TP)
» ID Trigger performs fast, online Level-1 | Contral Trigger | v v
track and vertex finding Rol '
» Runs computationally intensive 3
algorithms for track reconstruction B 4
Data Storage
> Accept rate of 1.2 kHz [Accept
) Processors
(200—500 ms) E\;f:t Tier-0
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US The High Level Trigger

Reconstruction and Hypo % 80 80 160' ' '1é0' 140

Pile-up <u>
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Rol .
= InRun 1, HLT was separated into 2 CPU farms: the Level 2 (L.2)

© software trigger and the Event Filter (EF)

] | D — I ——

~N , : . . .

~ -Hovel-lke * This was too slow at the higher pile-up of Run 2 (up to 80 < u>)

N I

8 i [ Data preparation ]

& E » 6000177711

it | B [ FastTrackFinder ] E | A7TLAS Simulation 1

v : l L% 5000/ Monte Carlo 14 TeV, Z— u*w ]

E : - "~ Run 1 Muon trigger - Precision tracking ]

B ! Trigger Object 8_ e Total precision tracking processing time ]

o ' | Reconstruction and Hypo ® 4000 o Pattem recognition -
I g - O Spacepoint ambiguity resolution ]
L o C ]
_______________________ é 3000:_ Run 2 peak E
| Event Filter-like o C : ]
| © 20001~ ; -
: [ Precision Tracking ] o B : i
: ! 1000} : -
| [ Trigger Object ] E I E
| 1 1 1 1 1 | 1
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Rol
generation

O

'] | I I F——

i ' Level 2-like

N |

N |

8 i [ Data preparation

| | ! New Strategy for Run 2 — combine L2 and EF in single
o . [ FastTrackFinder )

> tracking stage

g !

o ! : :

o : Trigger Object . . .

3 i [Reconstruction and Hypo] o Retrieves ID data to generate spacepoints for given Rol

T

Event Filter-like

[ Precision Tracking J

Trigger Object
Reconstruction and Hypo

July 9% 2022 — ICHEP 2022

o FastTrackFinder (FTF) - initial fast track fit optimised for
efficiency

o Optional Hypothesis algorithm — apply event selection

o Precision Tracking provides offline-like tracking

o Seeded by FTF for better purity and resolution

o Extends tracks to TRT and removes duplicate tracks

Harry Simpson — University of Sussex
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Rol
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O

' | | e F————

i ' Level 2-like

N |

N I

8 i Data preparation

o | . . .

of[ ! New Strategy for Run 2 — combine L2 and EF in single

o . [ FastTrackFinder J .

/| tracking stage

gl l

= !

e :[ Trigger Object ] g T T

0 ' | Reconstruction and Hypo . s L ATLAS Simulation ]

- : P > RemOVCS duphcate data ® 104 Monte Carlo 14 TeV, Z— e'e’, <u> =46
| preparation and pattern E g 24 GeV isolated electron trigger ?

© ] . — Run 2 strategy: <t>=90.2 ms ]

----------------------- recognitjon stages E H Poe, - Runistrategy:<t>= 262ms -
| Event Filter-like 2 S _
: [ Precision Tracking ] Xtensive programme O I -~ .. Run 2 ]
| l software optimisation ol S |
: Trigger Object » Run?2 processing time 18 -: ” N N 1
i Reconstruction and Hypo approx 3x faster than Run 1 10_20;, 1 I
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Processing time per event [ms]
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Multi-stage Processing

, Fast tracking v

: [ Data preparation ]

FastTrackFinder ]

’

i

Trigger Object
Reconstruction and Hypo

———————————————————

Second stage
Rol generation

I Stage 2:
| Fast tracking v
!

o e e

Tau Trigger
= Useful to run the tracking in a larger Rol than other signatures

= Very time-consuming in Run 1

Solution — Use multi-stage tracking strategy

Single-stage tracking
Roi

| [ Data preparation ]
Run Fast Tracking
E [ FastTrackFinder ] S AT a
X Rol along the Stage 2 ]
Trigger Object .
[Reconstruction and Hypo] full beam_line (Z) beam line
'sage2s |
Precision tracking‘ X
[ Precision Tracking ]
Fir§t stage
% DA z (beam direction)
[ Trigger Object ] /
Reconstruction and Hypo §
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generation .
I R Tau Trigger
, Fast tracking Vv . . .
- == = Useful to run the tracking in a larger Rol than other signatures
Q : . . .
,:\ E [ FastTrackFinder ] u V@I'y tlme-COIlSllmlllg 1mn Rlln 1
S | {
o Recog;;eg;:oab;igtwm} Solution — Use multi-stage tracking strategy
: Single-stage tracking
A / Roi
E /‘- A
i |' i gztias??rsczzking \‘ Second stage
|.|3_| H E [ Data preparation ] i Roi _
i i [ FastTrackFinder ] i
! —— l Stage 2
i Trigger Object H .
\ Reconstruction and Hypo J beam line

K Run Fast Tracking

‘o

stage again over

Precision Tracking ]

restricted Z region o,

! for full i and ¢

z (beam direction)

Trigger Object
Reconstruction and Hypo
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.......................

\4

E [ Data preparation

1
E [ FastTrackFinder

Trigger Object
Reconstruction and Hypo

J

Multi-stage tracking also used in b-jet triggers
o Separate Rol created for each jet with E; > 30 GeV

o Run FTF to reconstruct tracks in narrow regions of 1} and ¢ for each jet

July 9" 2022 — ICHEP 2022
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Multi-stage Processing — SuperRols

Rol
generation

.......................

\4

E [ Data preparation ]

E [ FastTrackFinder ]

Trigger Object
Reconstruction and Hypo

Second stage
Rol generation

_______________________

I Stage 2:
| Fast tracking v
!

| [ Data preparation

| [ FastTrackFinder

Y

[ Trigger Object ]

Reconstruction and Hypo

Multi-stage tracking also used in b-jet triggers
o Separate Rol created for each jet with Er > 30 GeV
o Run FTF to reconstruct tracks in narrow regions of 1 and ¢ for each jet

- Individual Rols merged into SuperRoi to prevent overlapping
regions being processed twice

- Tracks in SuperRol used for primary vertex reconstruction

- Run second-stage tracking: FTF, precision tracking, secondary
vertexing and b-tagging algorithm over these modified SuperRols

super Rol

'Stage2. | e o
: Precision tracking"
E [ Precision Tracking ]
' ¢ ¢

Y

Trigger Object
Reconstruction and Hypo
n n
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Taus:

= Multi-stage tracking reduces

g ' T T ATLAS | ' 3 overall FTF stage by ~ 30%
Lﬁ - Tau Data 13 TeV, August 2015, 25 ns running, <uy>=29 - Compared tO Single Stage tracking
= 1 0‘1 = Tau trigger - Fast tracking =
@ = —— Two-stage: 1st stage mean =23.1+ 0.11 ms 3 L
% B — Two-stage: 2nd stage mean =21.4 = 0.09 ms N . AISO reduces average PreCISlon
g 10-2 = .......;,.__'I:.-“:“-:”fmgle-stage: mean = 66.2 = 0.34 ms —E TraCking ComputatIOH tlme frOm 1 2
< - - ms to 5 ms
1073 = =
3 ; 9 . ;
107¢ P e W E General:
105 H - H R » Electron triggers are the fastest of
_ A S | B :
5 = 100 L 200 550 all the signatures

= Data preparation and TRT extension
are fast

Processing time per Rol [ms]

= Additional muon and b-jet plots in
the back-up (slide 30)
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Lepton Tracking Performance and Resolution

10O

Tracking efficiency and
resolutions measured by

comparing tracks found by

online trigger algorithms to
tracks found by full offline
track reconstruction

/

)

T T T ] T T T

L e e B e
ATLAS Internal

Data 2016 - 18 Vs =13TeV

Offline tight electrons, track p, > 5 GeV

® Offline E;> 5 GeV : fast tracking

o Offline E;> 5 GeV : precision tracking
O Offline E+> 26 GeV : fast tracking

A Offline E;> 26 GeV : precision tracking

T I T T T T [ T T

Electrons

w lll|ll|IlllllllllllllII]IIIIIII'IIIIIII

0 84 e ® .
OBa,2e e0 %
That, o t60"
BBt emesmplis
1 Illlllllllllllll Ill 1
-2 -1 0 1 2

w lIl|lIllll1[lllllllllllllllllllllllllll

Offline electron track n
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£ 0.05
= 0.045[

S -

Resolution 5 0.04F
better than ® 0.035
= -

20 gem for full 0.03]-
range of 1 for 0.025E
muons :
0.0151

0.013
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—
ATLAS Internal

Data 2016 - 18 Vs=13TeV
Offline medium muons

e Offline muon p_> 4 GeV : fast tracking

© Offline muon p_> 4 GeV : precision tracking

0 Offline muon p_> 20 GeV : fast tracking

e 4 Offline muon p_> 20 GeV : precision tracking

T ] T T T T [ T T

Muons

ODpnBO8BBgpeBgoBBgogygBPBonon®

1 1 1 l 1 1 1 1 l 1 1 1 1

-2 -1 0 1

2

w IIII|]III|IIII|IIII|IIII|IIII|IIII|IIII
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Use ID performance

§ chains — like standard
] chains but do not select on
< any tracking quantities.
& » Allows unbiased estimation
3 of the tracking efficiency
-
ol 3 102r T ' ' : > 1.02 ]
S g L g .. . e i B
w 'S 1__ ggga.g‘gig;!!sgg'ia.!.g!m N EfflCl@HCl@S g 1- .
E i SL a1 jemfgponogny — = — © ® 8 8 8 8 o & & & s 8 & & 8 o
L i * ‘grgTE ¥ ' Yoo 7 1 above99% for i i ]
0.98- -|  all pr spectrum 0.98|- -
0.96- ATLAS Internal Electrons J Small 0.96|- —
. Data 2016 - 18 Vs = 13TeV 1 1nefficiencies - Muons i
| Offline tight electrons, track p,. > 5 GeV __ —  ATLAS ]
Do - @ Offline E;>5 GeV : fast trTacking - for electrons 0.94 - Data 2016 - 18 Vs=13TeV ~
| o Offine E;>5 GeV : precision tracking - near transition | Offline medium muons, p, >4 GeV i
0.92— 5 offline E,> 26 GeV : fast tracking 71 between barrel 0.921- o Fasttracking —
& Offline E;> 26 GeV : precision tracking ] -~  © Precision tracking 7
ogb ot v 1 and endcap Y| Y e
=3 2 -1 0 1 2 3 3 4 5678910 20 30 40 50 102
Offline electron track Offline muon track P, [GeV]
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AU )

A Tag and Probe
technique is used to select

same flavour lepton
candidates coming from the
decay of Z boson

T

. ATLAS
. Data 2018 Vs = 13 TeV
o Offline tight electrons:
Tag electron ET> 26 GeV
Probe electron ET >15 GeV
b e 26 GeV + 15 GeV dilepton trigger
® e Data

o . Electrons

T

I IIIIIIII

IIIII'I.I IIIHII]

-
—
-
-
|

Tag reduces trigger rate
7. mass improves purity
Better statistics

Unbiased measurement

i v vy

| IIIIlII|

1 IIIlllll

1 11t

(o)}
o
m_
o

100 120 140 160

180

Offline dielectron invariant mass [GeV]
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° (&) - —
o Very good resolutions 5 - -
8 for b-jet track z-vertex uéj ese®ecpnesnsnecepnnnessseenestt
~ .. : - i
S position, z,, particularly 0.08F by H
N for precision tracking i i
S 0.96- ATLAS \l
o — 0.6 ; - - T ~ Data 2018 Vs=13TeV \
é_? E - ATLAS 1 094 [ Offline 1-prong medium tau E_> 25 GeV 1
= c 0.5 :_ Datg 2018 Vs =13 TeV B_ .] ets ] - 25GeV tau trigger . i
w = - Offline track p_ > 1 GeV ] . e Stage 1 fast tracking TallS A
2 - ® 55GeV b-jet trigger : Fast tracking 1 0.92—  stage 2 fast tracking n
g 0.4~ o 55 GeV b-jet trigger : Precision tracking ] - O Stage 2 precision tracking 1 Efficien cy
No : O 150 GeV b'H mgger M Fast tfaddng : 0.9 ol e e
0.3~ 2 150 GeV b-jet trigger : Precision tracking - 10 20 30 40 50 60 almost
o - Pile-up <u> C9nstar}t at
0.2} . = high pile-up
S, - High efficiency for E; = 25
01 g g 08 . ' i
- "2 2280 e papnnnunnausss GeV offline taus candidate.
ol s N Better than ~99% across all
1 2 3 4567 10 20 3040 102

values
Offline track P, [GeV] "
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Improvements for Run 3

= ML based Track Seeding

=  Full Scan Tracking for Jet/Missing
Transverse Energy (MET) Signatures

=  Unconventional Tracking

Harry Simpson — University of Sussex
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ATL-COM-DAQ-2021-003

No. seeds dramatically increases with number of hits — time consuming in a high pile-up environment

R e s S .
° Pairs of .§ = ]
s doublets £ 70005 E
\;\ fo.rm S 6000 0 = angle of doublet wrt z-axis —
triplets g - .
(seeding) £ 5000 E
Z - ATLAS Simulation Preliminary 3
l 4000 - Monte Carlo 13 TeV tf <> = 80, w, = 0.4 mm =
L Correct hit association 3
3000 :_ ------ Incorrect hit association _:
Iststep in 2000 -
combining ST 266°<0=<1534° .
o 1000 e =
hits into - e .
| | tracks o) SR R PO E S eirert
0 1 2 3 4 5 6
Plxel SCT lcot()l

Detector

save CPU time in tracking stage
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Reject bad seeds early on — reduce time spent on track seeding


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HLTTrackingPublicResults

US ML based Track Seeding
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OF SUSSEX = 9F T
. o £ . g 85— ATLAS Simulation Preliminary + Predicted correct hit association —E
Traln a CIaSSlfler tO pred1Ct = E Monte Carlo 13 TeV tf <u>= 80 % Predicted incorrect hit association E
° Vdss .=
o] — e whether a doublet of spacepoints i: Coa ) ' TR
@ — % . —
< belong to the same track g : £
N | — o R
N . . . . . 4 3 v
' ™ Base classification on inclination " E I I
g prs=— . . 3 3 5 . =
P \ angle, O and width of pixel _ 8 Sox ]
L /—“‘\.\ . 2 : X i;:% % a .
- clusters (in 1), Wy, : I DR N
3 = O S E
_ . . )= LR T N
= Use predicted region of correct 0 0.5 1 15 2 25

association to a track as look-up-table

Pixel cluster width w, [mm]

\\ o,
LS
— & S
— 1 ®
;—Im
\ ] |\
| |

Pixel SCT
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= Faster seeding and
track fitting

= Small loss in efficiency
when using ML vs not

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

40 0.7
60 0.7
80 1.1

1.6x
2.1x
2.3%

Total Speed-up Factor Seed Generation Seed Processing Track Fitting

2.3%X

1.3x

3.3%

1.5%

Harry Simpson — University of Sussex
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ATL-COM-DAQ-2022-022

* Triplets formed with a mix of Pixel
detector (Pixels) and SCT hits

* Mixed seeds (e.g. PPS) were more time
consuming to process

» Likely due to larger gap between the Pixels
and SCT than between individual layers
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* Triplets formed with a mix of Pixel
detector (Pixels) and SCT hits

* Mixed seeds (e.g. PPS) were more time

consuming to process

= Likely due to larger gap between the Pixels
and SCT than between individual layers

» Using ‘PPP’
and ‘SSS’ only
speeds up mean
FTF event

processing time
by 1.9x

» <1% drop in
efficiency

Events

Efficiency
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Full Scan Z-width + Unconventional Tracking for LLPs

£

- Restric‘ting ‘Z Rol width in reduces Lone-Lived Particles (LLPs)
processing time -
= <1% efficiency decrease for up to 30% o Standard tracking used in Run 2 not viable for most
faster processing time at z = 130 mm LLP signatures
1.02r ATLAS St o T T ] Z o Searches relied on calorimeter/muon spectrometer
" Monte Garlo V8 = 13 TeV ff <u> = 60 Ph’ g§_) but these had low acceptance for LLPs
1_— Beam Spread in z Direction o, = 43.7 mm E g
0_98:_ I E::;:T;Z 4 Time _;0-9 % New Run 3 triggers to directly target events with
i : ] ® disappearing tracks and displaced leptons =
0.96:— 50'8 » Disappearing Track Trigger i
I Kt St e 1 > Improves acceptance over pure MET Trigger |2
0'94:_ _____________ » Large Radius tracking (LRT) %
0.92 __T I T |50 50'6 » Reduced fakes and improved processing time §
100 120 140 160 180 200 220 >
z Window Half Width [mm] Link to ICHEP Poster S
CPU time normalized to mean time for z = 225 mm
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lls Conclusion
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Trigger 1s a crucial part of the ATLAS trigger system

= Excellent tracking performance during Run 2

= Tracking efficiency is very high compared to offline tracking, even at high pile-
up multiplicities

=  Without the ID Trigger, it would not be possible to achieve the
performance needed for the ATLLAS physics program

Significant improvements to the trigger in preparation for
Run 3 conditions

o Improvements to tracking algorithms

o Expanded use of Full Scan tracking

o New triggers targeting LLPs
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lls Signature Timing Performance @)

Pile-up <p> = 52
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0O Pattern reCOgnition fOI- the first Stage 8 a — Muon isolation fast tracking <t>=115.8 + 1.6ms .
i ) ‘g 1L -- Muon fast tracking < t>=239.60 =+ 0.10 ms =l
tracking ran only for tracks with pr > 5 GeV e -+ Muon precision tracking <t>=6.834 =0.053ms 3
(0] B A
. . @ o ATLAS i
o Vertex tracking is the longest due to volume s B N T
of the detector to be processed S 102k S p e N
L . Muon *
o Execution time for vertexing is fast WF 2
. 107 =
compared to tracking : :
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102 Clustering and Spacepoint formation
. B-jet is fast: 4-10 ms
0 * FTF mean of 40 ms, PT of 7 ms
107 T ﬂlﬂ. = TRT extension is also fast: under 10 ms
0 100 200 500 400 >00 =  Sum of mean times < 200 ms

Processing time per Rol [ms]
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EEEEEEEEEEEEEEEEESE .' High Level Trigger for Disappearing Track
displaced leptons, '
lepton-jets, or
lepton pairs

emerging jets

L] E?iss>1 10 GeV

ET'*>110 GeV or
(ET'**>80 GeV & Disappearing Track)

I\

https://arxiv.org/abs/1903.04497 = trackless,
% 4 low-EMF jets

m-. = 91-1000 GeV,t-=1ns

1

at least 1 )Z: decaying at 13 <r<30cm
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quasi-stable ':F i<1.8
: : . charged particles
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muon spectrometer 100 150 200 250 3(20~ 350 400
[ of x*-¢* system [GeV]
H. Russel Improves acceptance over pure MET trigger
. D v
LLP Paper for lower momentum models!
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