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 ATLAS: large general-purpose LHC experiment

* TJo keep pushing research program, need an ever-increasing flow of data

* Leaving rate constant would render each year increasingly less useful

statistically

* High-Luminosity LHC: large increase in instantaneous luminosity -> more p-p

collisions per second
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https://atlas.cern/updates/atlas-news/scientific-potential-high-luminosity-lhc
https://arxiv.org/abs/1303.7367
https://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/images/LHC-ultimate-lumi-projection.png
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EXPERIMENT

ATLAS luminosity public results

ATLAS Online, 13 TeV fl_dt=146.9 fb

2015: <u>=13.4
2016: <u>=25.1
[ 2017:<u>=237.8
[ 2018:<u>=36.1
[] Total: <u>=33.7
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 More p-p collisions but same bunch
spacing -> more collisions per bunch
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« Peaked around 70 in Run 2, Run 4 may 10 20 30 40 50 60 70 80
start around 140 and increase to 200 Mean Number of Interactions per Crossing

o
O

 Need much more capable tracking
hardware: will replace entire inner I EXPERIMENT
detector with a new “inner

tracker” (ITk)

ATLAS news update
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https://atlas.cern/updates/atlas-news/scientific-potential-high-luminosity-lhc
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2#Pileup_Interactions_and_Data_Tak
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Fast pattern recognition for ATLAS track trl g g e rS in HL-LHC

ATLAS Detector

Inner Tracker Calorimeters Muon System Systems
Sectg:rfogic Proce:ggfr
e | e c
¢ H - lision rate is only useful if we ) :
uge p-p collisio ate s only ) e
can record the information we want 5 e J
o) Event E’
* Planned upgrades to trigger system: F (roeeeso) :
ATLAS-TDR-029 5 -
=
« Multi-stage system, progressively more [ —
detailed information and more time to 3 -
make decision 5 [ ]d[ )
* 40 MHz input rate ) ! w
(" Dataflow N SE
« Level-0: 1 MHz output, 10 us latency BB ER
N\, / —
 FEvent Filter: 10 kHz output (full events) Evant Fiver Bk
ATLAS-TDR-029 [ ‘G| _Sine
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https://cds.cern.ch/record/2285584
https://cds.cern.ch/record/2285584

ATLAS
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FaSt pattern recognition for ATLAS traC k tri g g e rS in HL-LHC

* TJracking is essential for Event Filter
trigger performance

Representative :> Corresponding |:> Required
Physics Goals Triggers Systems

Particle flow identificati EWK SUSY w Singl cecton  Localo eFEX
* Particle flow identification wizH \
Single Muon
. ) . J
* Missing transverse momentum R —
Standard Model LOMuon
* Jettagging (b-jets, g/g, W/Z/h/top Dimuon | Locaio
in large-R, ...) EWK SUSY Flocirons
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* Tau identification S NS IIETD|
sggi-cll\:ai [ Hadronic di-t 3 Global
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* Trigger system has limited latency T
and finite computing power: any HH — 4 —
tracking done has to be fast i

o . . . E:;tri]c Higgs ( v\l;on/ve;rdOJ:tisc ' Regional
* The slower it is, the more limited it | Saaws 7| Mstion _Tracieng
has to be: higher pr, reduced | Tracling

ATLAS-TDR-029

regionsinzn/z/ do

Will Kalderon, 22.04.20

ATLAS fast pattern recognition


https://cds.cern.ch/record/2285584
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Hardware Track Trigger

 Baseline ATLAS plan is to perform high-quality
fast tracking with an associative-memory based

Hardware Track Trigger processor
 Regional: LO Rols
* FEvent Filter, “rtHTT”: 1 MHz, 2 GeV,
e L1, “L1Track”, 4 MHz, 4 GeV
o Global, “gHTT”: 100 kHz, 1 GeV

 ATLAS is investigating alternative approaches,
such as fully software tracking [ATL-PHYS-
PUB-2019-041], or CPU-FPGA or CPU-GPU

hybrid architectures

* This talk: fairly simple algorithms to seed
tracking, amenable to running on FPGASs

 Not contingent on particular architecture

* Proposed architectures not contingent on
them

Inner Tracker

Calorimeters

Muon System
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Event Filter
Processor [«
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Permanent
Storage
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CTD 2019

<€--*- Trigger data (40 MHz)

<« - L0 accept signal

<« - L1 accept signal

<€— Readout data (1 MHz)

<« - - Regional Readout Request
<}:, ITk data (Max 4 MHz)

<« - Readout data (800 or 600 kHz)
«- -+ rHTT data (10% data at 1 MHz)
<€— gHTT data (100 kHz)

<~ - EF accept signal

Q:. Output data (10 kHz)
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https://cds.cern.ch/record/2693670/files/ATL-PHYS-PUB-2019-041.pdf
https://cds.cern.ch/record/2693670/files/ATL-PHYS-PUB-2019-041.pdf
https://indico.cern.ch/event/742793/contributions/3298729/

ATLAS Hough transtorm

EXPERIMENT
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* |mage-processing technique to find circles [Duda
& Hart, J. Gradin et al 2018 JINST 13 P04019]

 Maps each hit to all circles through that point and
the origin, straight lines for high-pr tracks

A/(qpr)

* [ntersection points of these lines = circles
compatible with all hits
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https://dl.acm.org/doi/10.1145/361237.361242
https://dl.acm.org/doi/10.1145/361237.361242
https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04019

ATLAS Hough transtorm, |l

EXPERIMENT

|
o

A/(qpr)

number of hits in accumulator bin

* Find intersections of lines using 2D

“accumulator” histograms Y
| /’ , Rol part
» Split into multiple eta regions to reduce = n y layer 2
accumulator density S Q" ’ layer 1
 Gives initial pass of track parameters ‘ ‘ .
and hits that seeded them 20 zo+Az

ATL-DAQ-PROC-2016-034
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https://cds.cern.ch/record/2234837/files/ATL-DAQ-PROC-2016-034.pdf

ATLAS Hough transform, [l

EXPERIMENT

M. Martensson et al 2019 JINST 14 P11009
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e Limitations on impact parameter: method designed for circles from known, fixed,
origin

o Full treatment needs more complicated transtorm on pairs of hits, much more
intensive -> slower and less feasible

« (Can tune accumulator binning to mitigate impact (plot: efficiency to find at least
6 hits out of 8 in model tracker)

« Alternative tuning on ITk <u>=200 simulation finds (6/8 hits) ~ 97% of 1 GeV
and 2 GeV muons
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https://iopscience.iop.org/article/10.1088/1748-0221/14/11/P11009

ATLAS Stub finding

EXPERIMENT

High pr,

» Lower pr track will go through tracker layers at Jmaltnelnation

a higher inclination angle

. . _ Low pr,
 Large inclination -> large A¢ between layers Large

inclination

* CMS implements this starting with the design
and readout of their phase-2 tracker

 Mixed Pixel + Strip layers
e Stub built on-detector

* Require pt > 2 GeV -> 90% reduction in hits

N
\p
o

CMS Phase-Il tracker: CMS-TDR-15-02 _ ./

—_

2S: Strip + Strip

PS: Pixel + Strip

P: Pixelonly "= 1)1 L | | o ao

e i e
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https://cds.cern.ch/record/2020886

ATLAS  Stub finding: with ATLAS ITk

EXPERIMENT
ATL PHYS PUB-2019- 014

g 1400 " ATLAS Simulation Prellmlnary —:
. - _ ITk Layout ]
* ATLAS phase-ll tracker different 1200 n=10 e
. 1000 = N
* Only strips are double-layered - -
800 —
e Stub-finding only feasible within 600C- -
double layers 4008 =
200;:__—-— Lf
* ~0.5-1% channel occupancy e LA e e
O0 500 1000 1500 2000 2500 3000 3500
o Barrel strips have 75.5 um pitch
arrel strips have 75.5 um pitch, L  ATLASTDRO2S z [mm]
endcap 70-80 MM (Wedge'Shaped) E EATLAS Slmulatlon ITk Incllned E X
. . 1000 EeN——— minimum bias, <u> = 200§, )
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900 B 3
0.1-0.2 mrad - | 08 S
800 E et
100 strips = O(10) mrad between 700F- 5 s <§
hits 600} o4 Zx
. : - 3 n
* [Far too big for inter-layer stubs 5001 I I I I I
to be useful 400 [mm—
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-014
https://cds.cern.ch/record/2257755/files/ATLAS-TDR-025.pdf

ATLAS Stub finding: expectation

EXPERIMENT

307 z=132m  Innermost endcap
pr=1.0 GeV

* Trigonometry from TDR numbers 5| - proosee disk(1.2<[n<2.1)
—— pr=4.0 GeV

* ~ Linear in track pr 20

e 1GeVtrack ~ 2 mrad in barrel, <

0.2-1.0 mrad in endcap " /
e cf pileup occupancy ~ 10 mrad 05-
e Sadly this isn’t the whole story... 0.0+

Radius [m]

NB: not-quite-valid approximation for high
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ATLAS Stereo angle

EXPERIMENT

Modules \\

come In pairs

Each rotated 26 mrad = 1.5°
from z axis
-> 52 mrad = 3° between them
Strips 18-60 mm long

| Particle

Allows position information to passed here
be determined along strip ¢T
direction

>

Z
But means that strip 1 in layer A to strip 2 in layer B has an
indeterminate A¢ depending on where along the strip it is

NB: not a problem for CMS pixel+strip modules, no need for
stereo angle
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ATLAS Stereo angle

EXPERIMENT

Barrel short strip to scale: 24.1 mm x 75.5 um, 52 mrad angle = 3°

Max Average
« Plot: average shift in Ag from . o — Endcap
' ® Barrel

stereo angle (half maximum)

©
~

1

A (Aqb) ~ — for fixed strip
r

length and stereo angle

o
(@)
1

o
Ul

* Inreality, length varies (shorter
at smaller radius for higher

Average A¢ shift from stereo angle [mrad]

track density) 0.4 - \
e ~0.69 mrad for barrel, 0
~0.54 mrad for endcaps J
4(|)O 560 6(I)O 7(I)O 8(|)0 9(I)O 1OIOO

Radius [mm]
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ATLAS  Expected distribution: barrel

EXPERIMENT

Prediction for track pr = 1.0 GeV

0.035 +
« Geometry in 2 T uniform field predicts: T el e
0.030 i S e [ Barrel layer 2
e 1 GeV track bends ~2 mrad C—1 Barrel layer 3
0.025 |
o Stereo angle shifts this by 0.7 mrad on g ~ i
= 0.020 4
average (both ways) <
| g 0.015 ol
« Shifts between + and - A¢ at low prthanksto ¢ J
module inclination —
. . . . 0.005 -
» Reasonable discrimination between tracks of 0.5 ]
and 1 GeV (gHTT threshold) 0.000 - ™ - ] 7 : . 8
) A¢ between layers (mrad)
 Expect smearing from edge cases: 2.5% of -
. : Prediction for track pr = 0.5 GeV
module area is more complicated 0.06 |
: 1 Barrel layer 0
Barrel layer 1
— T 1 Barrel layer 2
0.05 1 1 Barrel layer 3
Actual £ 0.04 —_L J‘J:";L {
50037 -
E 0.02 ‘|
Exaggerated - w d U
q 0

-6 —4 -2 0 2 4 6 8
A¢ between layers (mrad)
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ATLAS Expected distribution:

EXPERIMENT

Prediction for track pr = 1.0 GeV

0.05 4 [ Endcap disk 0
Endcap disk 1
[ Endcap disk 2
0.04 - [ Endcap disk 3
[ Endcap disk 4
» [ Endcap disk 5
é 0.03 A
"é 0.02 1
0.01 A
* More complex shape for endcaps 000 — g ; ; ;
A¢ between layers (mrad)
e Retain some discrimination between Prediction for track pr = 0.5 GeV
tracks of 0.5 and 1 GeV T S ko
0.04 - [ I Endcap disk 2

- [1 Endcap disk 3
; [ Endcap disk 4
[ Endcap disk 5

I
1
_1T 11 [

I LL(' 1
i AA
o %iﬁz 0 ZIELGEH

Fraction of hit pairs
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ATLAS Observed separation

EXPERIMENT

* In simulation, see similar distributions but with some extra smearing: if require
98% efficiency for 1 GeV hit pairs then reject ~ 20-30% of lower-pt ones

* More rejection at 2 GeV, but less than CMS thanks to less-optimal detector
layout

* Studies ongoing to:
* Translate hit pair efficiency to track efficiency
* Not every track has 2 hits in a sublayer (between 1 and 4)
* Evaluate speedup in downstream algorithms

* Thanks to combinatorics, may be non-linear with rejection factor
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Summary

 HL-LHC will see significant upgrades to the LHC machine to provide many more
p-p collisions per second

* This can only be exploited by the experiments with upgraded detectors, DAQ
and trigger systems

* Having access to track information in the trigger, as early on in the decision-
making process and with as few restrictions as possible, is critical for efficient
and pure selection of the most interesting events

* Some methods to do some preliminary steps of track-finding in the trigger have
been presented: Hough transform and stub finding, initially promising but
further study needed for full cost and utility to be determined
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ATLAS Magnetic field

EXPERIMENT

© " | | | ]
* Herehaveused B, =21, 8 2¢ E
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L - O BratR=1.058 m -
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» Constant curvature -> : | Beatrossm :
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| Hem
S
> QT
— > O
NE NEEN E%

p T [Ge V/ C ] 109 0 ifia::?'f?'iéﬁﬁ‘ﬁ"
° R — X - %ﬁf
B[T] C -0.521111111]1l . I
3 2 - 0 1 2 3
Z (m)

M Aleksa et al 2008 JINST 3 P04003
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https://iopscience.iop.org/article/10.1088/1748-0221/3/04/P04003

ATLAS Strip barrel

EXPERIMENT

Particle track

T | =dtan(d,+6,)
[
\

l¢ = [ —dtan(0,)
Module tilted at 6m to tangent 0

Track at to 6: radius m
X = l¢ cos(6,,)

d Ap=xir,

d
Agp = —cos(b,) (tan(@t +0, ) — tan(@m))
r
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ATLAS Strip barrel

EXPERIMENT

Particle track

g

— [=dtan(d,—0,)
[

\

p l, =1+ dtan(6,)
Module tilted at 6m to tangent m

Track at to 6: radius

X = l¢ cos(6,,)

d Ap=xir,

d
A¢ = — —cos(8,,)(tan(d, — 6,) + tan(6,,))

r

For a track the opposite charge, 6m
contributes in the other direction
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ATLAS Strip barrel

EXPERIMENT

d
A¢ = —cos, (tan(0@, +60,) —tanf,)
r

tan A + tan B
tan(A + B)) =
]l —tanAtan B
d tan 6, + tan 0,
A¢p =—cos0, —tand,)
r 1 —tan@,, tan 6,
d tan @, + tan” 6, tan 6,
A¢p =—cos0,
r Il —tan@,, tan 6,
d sec’ 6,
A¢p =—cos0,, tanb,
r I —tan@,, tan 6,
d 1 tan 6
Ap = — f
r cosf@, 1—tan@, tanb,
r= Pr sin 6,
3
03d 1 1
Ap = :
pr cos6, cosO,—tan6, sinb,
cosO, —tan @, sin0, = \/ 1 + tan®0,, cos[6, + tan!(tan6,)] = cos(6,+6,)
cos 0
Ap = 0.3d 1 m
pr cos(0,+06,) Ap =+ 0.3d 1

Pr COS(@I‘ = em)
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ATLAS Strip barrel

EXPERIMENT

0.3d 1 positive negative
Ap =+ : i oy O-t Ap A A¢ Ap Ay Ag
pr cos(0,£0,) ~ (deg) (low) (mid) (high) (low) (mid) (high)
0.405 0.12 7.0 197 204 214 -1.93 -1.94 -1.97
0562 0.17 9.7 201 207 215 -1.94 -1.93 -1.94
sin @, = 0-3,, J = 6.44 mm 0.762 023 132 205 210 217 -1.95 -1.94 -1.93
t Dr ' 1 030 175 212 218 224 -1.96 -1.95 -1.94
* ~ independent of radius 6 = 10Gav
. pr=0.5 GeV
: : — , —— pr=2.0 GeV
 ~ independent of module tilt, and variation 4{ :  p=4.0Gev

from one end of a module to the other

]
I

* Barrel: 1 GeV particle, 6.4 mm spaced
stereo-layers -> A¢ of 2 mrad

A¢ [mrad]

* Lose small-angle approximations by 500
MeV: more, and non-linear, variation (incl
with charge - smaller bending for A¢<0)

0.4 0.5 0.6 0.7 0.8 0.9 1.0
Radius [m]
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ATLAS  Strip barrel geometry (TDR)

EXPERIMENT

X28. 40 56. 72 x28 1ings

modules per ring

X
x2 since double- * 8.4 1280 strips

sided - Modules ~ = 96.6 mm
y 100x100 mm

A

\ \ Sensors tilted in r-¢: hermeticity for tracks > 1 GeV
\ / (11.5°, 11.0°, 10.0°, 10.0° from tangent in layers 0-3)

5
*
*
..
&
“‘
M

e Strips run along z, pitch (ie strip width) 75.5 um

* Inner: 4 rows of short strips 24.1 mm ——

* Quter: 2 rows of long strips, 48.2 mm

96.4 mm
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ATLAS

EXPERIMENT

Strip endcap geometry

/x6 disks per endcap

2 Xx32 petals per disk

2
o Strips run along r, variable
pitch 69-85 um (wedge-
4 shaped)
2 e 2 0r4rows, uneven lengths
4
4 rows
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ATLAS Expected distributions: barrel

EXPERIMENT

Prediction for track pr = 0.5 GeV Prediction for track pr = 1.0 GeV
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$ATLAS Expected distributions:

EXPERIMENT

Prediction for track pr = 0.5 GeV

SR oy [ Endcap disk 0
| | Endcap disk 1
0.04 - [ 1 Endcap disk 2
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Prediction for track pr = 2.0 GeV

1 Endcap disk 0
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[ Endcap disk 2
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[oX
=
S 0.020 A
c
e
o 0.015
i
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Will Kalderon, 22.04.20

Prediction for track pr = 1.0 GeV

A¢ between layers (mrad)

ATLAS fast pattern recognition
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ATLAS  EXpected separation: barrel

EXPERIMENT

Prediction for track pr = 0.5 GeV, A¢ >0

10° - S~ [ Barrel layer 0
S S S 8 o x Barrel layer 1

[ Barrel layer 2
1 Barrel layer 3

-
o
R

1 GeV: rejections of between 70 and 100%
predicted in barrel

e 2 GeV: 100% rejection

'—I
o
N

Fraction of hit pairs rejected

'—I
o
&

* Extra smearing in reality will degrade this

1074 4 :
0 1 2 3 4 5 6 7 8
A¢ between layers (mrad)
Prediction for track pr = 2.0 GeV, A¢ >0 Prediction for track pr = 1.0 GeV, A¢ >0
100 - 1 Barrel layer 0 10° 4 1 Barrel layer 0
Barrel layer 1 Barrel layer 1
[ Barrel layer 2 [ Barrel layer 2
1 Barrel layer 3 1 Barrel layer 3
O (9] ]
() ()
T o
e S o O 1 I VRO S0 s Y SO
2 1072 o B L T
< = ;
kS kS
C C
ke o
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L L
1074 4 1074 5 L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
A¢ between layers (mrad) A¢ between layers (mrad)
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ATLAS

EXPERIMENT

Expected separation: endcap

Prediction for track pr = 0.5 GeV

10° E [ Endcap disk 0
-f--=-==—=== momtmmm———--- Endcap disk 1
[ Endcap disk 2
5 101 el DRGNS 1 Endcap disk 3
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ATLAS Traversing modules

EXPERIMENT
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