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future detector

/ for HL-LHC
CMS Tracker in Phase-2

Double-sided silicon modules in 6 barrels + 21 5 disks
Pixel-strip (PS) modules + two strip (2S) modules
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with ~2B pixels in 4 barrels + 2I 12 disks
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Tracking in the HLT of CMS Phase-2

At the High-Level Trigger (HLT), tracking aims for:

C high efficiency Legacy configuration: CMS-TDR-022
Y Iterative tracking approach:

Initial step

Seeds = pixel tracks Full track building (IT+OT)
(4 hits from IT) starting from seeds

C low fake rate

C good track quality

Track fitting + selection

C fast execution time

High -p+ triplet step to recover inefficiencies of initial step

Seeds = pixel hit triplets Full track building (IT+OT)

(3 hits from IT) starting from seeds Track fitting + selection
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Pixel Tracking in the HLT of CMS Phase-2

e.g. directly used for HLT muons

Pixel tracks play crucial role in HLT o
(seeLucaods~Ithal k
C should beextremely fast tracking usablef or é basis for pixel vertices, used for:
? seeding of (slower) full tracking or.l sele.cted HLT paths > o High-purity selection,
€ many other paths where full tracking will not run o Tau reconstruction,
C need again: high efficiency, o Potential trimn

low fake rate, good quality Initial step

Seeds = pixel tracks Full track building (IT+OT) o :
(4 hits from IT) starting from seeds Track fitting + selection

BUT: in barrel, ~10% of tracks hit less than
4 pixel sensors (see later) and 3-hit tracking
with PU 200 is unmanageable (fakes, memory)

High -p+ triplet step to recover inefficiencies of initial step

» Improvements for Phase -2

Ixel tracking needed Seeds = pixel hit triplets Full track building (IT+OT) » _
p g (3 hits from IT) starting from seeds Track fitting + selection
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How to Pixel Track? i Algorithms in CMS
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~. Legacy 2 Patatrack

Algorithm used in the Legacy baseline Algorithm used in HLT Run-3,
for iterative HLT tracking early Phase-2 tests (see CMS-DP-2021-013)
Based on cellular automata Also based on cellular automata
Heterogeneously implemented with Oel
Runs fully on CPU portability library al~akaY r u n ’@i’;g PU
Is limited exactly 4 hits per pixel track T :
for time performance reasons Not limited in number of hits per track

Y due t o c | e aoptimaalionafarHIar lease;2 is fully concentrated on Patatrack
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Improving Patatrack Pixel Tracking

N(pixel layeryper particle o

. . . O 9)
Development of new simulation truth  targeting 3] CMS Simulation Preliminary =
performance evaluation and optimization of 5 i, SimPixelTracks (signal only) 5
Patatrack (for more details, see poster |later) _g- pr > 0.9GeV, |Zyerex| < 30 CM, ryerex < 2.5¢m 2
0} , .
= Number of pixel layers N
© o
= N S
ot : : S 0 2 4 6 8 10 12 14 i
Tuned the existing configuration % 10k Q
AEstablish correct layer connections © [ el ~
Almprove cut parameters for compatibility checks _5 0.8
AExtended set of compatibility checks I3
Almplemented a preliminary track selection E
0.6
Key issue resolved with further developments /04
ANo full 4 -layer coverage in the barrel + transition from barrel to '
endcap (require 4 hits for clean pixel tracks)
AMain reason for second tracking iteration with triplet seeds
2

Require less hits per track

or rely on second iteration
(disfavored due to exploding fake rate)
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Extending Patatrack to the Outer Tracker

x Add hits from macro -pixel 99 ‘:-2 /0-4 /0-6 /0-8 10 12 14 1.6
part of the PS modules in 5120f B Outer Tracker ~ EM Inner Tracker
the first 3 OT barrel layers - i8
to recover efficiency 100 ~ "
. : | 20
x 2 configurations presented: 80
| 22
mm Patatrack (1 T, 64 hits) 1 60 »
- A SN\ W N N N A N — =
AUsing only the IT as before B | 26
40$%%§\\\\ W\ W\ I\ DA\ —| 2.8
- —{ 3.0
= Patatrack (1 T + 3 OT Il ayers,k} 20_:3:\\\\\\\\\ A\ R | S S 1 \ n n ' n | 309
AUsing IT + additional OT layers — “ A n “ ﬁ A I ﬂ, I ! : i 4.0
1 \\—‘ 1 i L L 1 L L I L L 1 i--\ 1 1 | L '\.\ | 1 L | L 1 | L L L | 1 1 L | 1 L | L L 1 | L 1 1 | L L L | 1 L r]
Als_glr;%?i:)tnracks allow for tighter track % 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Z|Cm
AHigh-purity tracks with as few as 2 toml
IT hits
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definition here

0 Legacy

x Low efficiency in barrel +
transition to endcap

o Patatrack (IT only)

x Low efficiency in barrel +
transition to endcap

x Extended efficiency at large
$S 0d

x Qverall efficiency similar to
Legacy

o Patatrack with

OT-extension

x great boost in performance in
barrel + transition to endcap

x best efficiency overall:
>5% more across full B band

Recover inefficiencies due to
tracks with O3
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Pixel Tracking fakes & duplicates (o

Fake rate Duplicate rate
9 [ ! ! ' [ ' ' ! [ ! ' ' | ' ! ! | E‘) [ ! I ' ' ' [ ! ' ' | ! [ O O Le aC
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% - tf+200 PU (Vs = 14TeV), HLT pixel tracks | < {f + 200 PU (V's = 14 TeV), HLT pixel tracks 5 x Very high duplicate rate in
st + Legacy (IT, =4 hits) %_ + Legacy (IT, =4 hits) 3 endca_ps_du_e to 4-hits per
£ + Patatrack (IT, >4 hits) =] + Patatrack (IT, 24 hits) o track limitation
O . . . . (@)
~+- Patatrack (IT + 3 OT layers, 24 hits, >2 IT hits) o)) -4 Patatrack (IT + 3 OT layers, >4 hits, >2 IT hits)
= . . £ 1t 1% o Patatrack (IT only)
107} e Foe¥l, — Qo - _“.-l l.-“- . o ..
: a0 Y et O D S " . ~ 13 x Fake rate similar level as
+ S B ] 1oL, ) ) e Legacy
M N L T ¥ WA E Y " . E .
phr o ¢ T iy { I _ ) x Very low duplicate rate
ol e LT e o -96% m 4{ o Patatrack with
gvv " ...' s ’........' . 0.. ¥ ﬂE E ':: .w re'ative to Legacy > a:' OT-eXtenSIOn
9 »® N _ ™ ¥ - [ ¥ L] X i
o _57% . 10 o T 3 Lowest duplicate rate
Hy elative 1o Leqac . F : ' ; x Lowest fake rate due to
i \ o ,
103 L R R g , yl 4 L o W M& T ++J N T pOSSIbIIIty for t_lghter
-4 -2 0 2 4 -4 -2 0 2 4 selection requirements
Track n Track n thanks to longer tracks
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Simulated track n

0 Legacy

x Poor track quality due to
limited number of hits and no
proper fit

o Patatrack (IT only)

x Improved track quality
compared to Legacy

o Patatrack with
OT-extension

x Additional quality
improvement for [s| ¢&®
because of additional OT hits

x Especially B resolution
improved thanks to larger
sagitta
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Pixel Tracking GPU time

Execution time (all kernels)

'a' | [ (@)
i 1=
E. oL CMS Simulation Preliminary 1o
*qEJ |t + 200 PU (vV's =14 TeV), HLT pixel tracking 13
5 run on 2x AMD EPYC 9534 with 4x NVIDIA L40 . (£
s [ Track fitting 18
o 8 N-tuplet building 1a
= Doublet building |
Z | W Hit preparation
e 6 IT hits local -
T Patat':aCk (IT O_nly) _ _g:J i reconstruction
baseline GPU time on the reference machine -
~3.3 ms per event © very fast S, |
(O] B
(@]
©
T Patatrack (IT only + 3 OT layers) E |
kernel times increase to ~7.9 ms © still very fast |
0

Patatrack
(IT + 3 OT layers)

Patatrack
(IT only)
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Execution time: big picture @

Execution time (full HLT) Execution time (lrack seeding) ¥
© & : °@ | ' ' ' il Patatrack -439%
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Pixel Tracking GPU memory

baseline GPU memory of ~130MB per thread
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Conclusion

Heterogeneous version of CMS Phase-2 pixel tracking has been optimized and

extended to first 3 barrel layers of the Outer Tracker

Higher overall efficiency Lower fake and duplicate Better track parameter
of initial track seeds rates of the same estimates of the seeds

Greatly reduced overall

replace two iterations with single

memory one with fast, clean, high-quality
seeds produced on GPU
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More performance

CMS-DP-2025-076
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Tracking performance metrics from CMS-DP-2025-076

Standard tracking performance metrics such as efficiencythtake
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efficiency
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fake & duplicates vs D
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