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Tracking detectors of CMS
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e Silicon pixel tracker
Barrel Pixel (BPix) and Forward Pixel (FPix)

e Silicon strip tracker
Tracker Inner Barrel (TIB), Tracker Inner Disk (TID),
Tracker Outer Barrel (TOB), and Tracker Endcap (TEC)
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Tracking detectors of CMS
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e 4 layers e 3 disks * 2 rings on each end

e 1184 modules e 6/2 modules
e 4 hit coverage up to |n| < 2.5
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— /Compacl Muon Solenoid

Operational conditions in Run 3
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Silicon pixel tracker module design

Token Bit Manager (TBM) Token Bit Signal & Power T,
e Controls readout of a group of ROCs Manager Cables
(TBM) P o |23
e 2 TBMs for Layer 1 N @ High Density 18
AERERRS T Interconnect 1yl |
e @ (HDI) 7 e f
High-density interconnect (HDI) i 130" MY
e Routes high-voltage to the sensor - oensor
\Readout ~» d (
Planar n-in-n silicon sensor (ggigS) O | s
. S B g
e 280 pm thick it
—— Base Strips s

Read out chips (ROCs)
e PSl46dig >90% efficiency up to 200MHz/cm? hit rate (BPix Layer 2-4, FPix)
e PROC600 >90% efficiency up to 600MHz/cm?2 hit rate (Layer 1 only)
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Thick sensors

2.2
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—2.0 Thin sensors
~58 320 um

4.0
n

| | | | | | | | | | | | | | | | | | | | |
1000 1500 2000 2500 Z [mm]

Double sided

e p-in-n silicon sensors

e [wo sensor thickness: 320 pm and 500 pm

e Various configurations of pitch, length, single/double sided depending on their distance from
the interaction point

e Double sided modules: 2 modules with stereo angle of 100 rad
Muti Wulansatiti 6 25 August 2025 | VERTEX 2025



Detector status - Pixels BPix

CMS Preliminary Layer 1 2025 (13.6 TeV) x10° CMS Preliminary Layer 2 2025 (13.6 TeV)
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Detector status - Pixels BPix

CMS Preliminary Layer 1 2025 (13.6 TeV)
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Detector status - Strips

Not in readout:

Full module

One or more
readout fiber

Single readout chip

Small groups of stri

Very high number of active channels: ~95% overall
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Operational challenges in Run 3

Radlatlon effects

o Sensor degradatlon due to radlatlon

e e.g. increased leakage currents, higher depletion voltages §

Le » Irradiation impacts on front-end electronics

444

) ¢ [Drivenby |
‘ o Smgle event upsets (SEUs) § linstantaneous

Hardware rellablllty
e Connector/interconnect faults
o Auxiliary electronics failures (power/control)

e Automatic masking of problematic channels
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Radiation effects on pixels cluster charge

Avg. norm. on-trk clu. charge [ke]

Avg. norm. on-track clu. charge [ke]
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Delivered integrated luminosity [fb™]
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Layer 1 currently collecting 50% of the charge compared to

unirradiated sensors

Charge collection in FPix is also degrading, but more slowly

Improvements come from beneficial annealing, increase of
HV bias, updated gain calibrations

HV bias scan performed regularly to monitor performance
— Layer 1 evolves rapidly
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Cluster breaking

e Radiation damage reduces charge collection efficiency Pixel Barrel Layer 1
on-track cluster size vs. eta

16 July 2023

, CMS Preliminary 2023 (13.6 TeV)

e Leads to split and shortened clusters especially in the
high n region
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duplicate tracks, reduced resolution _ 4 CMS Preliminary 2023(136TeV)
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e On-track cluster size vs. n (“smiley plot”):
- 2023: well-defined, pronounced “smiley” shape
- 2025: more diffuse, shorter clusters especially at high |n]|
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A lot of efforts have been put in mitigation strategies

3
Track n
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High auto-masked channels In pixel barrel layer 1
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Strips depletion voltage

e Approximately 245 fb-1 have been delivered in Run 3 (~500 fb-1 since Run 1)

e Recall: strips tracker sensors are p-in-n strips
— depends on running over-depleted

e Depletion voltage is monitored: bias scan on full detector twice a year and on
representative group once a month

e HV bias settings:
e TEC disks 5-9 and TOB L1 and L2: 500 V (changed this year)
e The rest of the detector: 300 V
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Strips leakage current

e Leakage current per module map from 2023. Profile is similar, except the blue-green regions are now
1000-2500 pA

e Modules in uncooled regions show elevated leakage currents
e Cooling was lowered from -20 degC to -25 degC in June 2024

e Afew HV channels on poorly cooled parts have reached the power supply limit of 12 mA
CMS Preliminary 2023

Leakage current per module measured during Run 3 at 259.8 fb-'
TID +2 TEC

leakage current

Leakage current [uA]
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Strips signal over noise performance
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e Expected to decrease with irradiation Integrated luminosity (fb™)

Expected to remain sufficiently high until the end of Run 3
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Hit efficiencies

CMS proiiminary [UTPS] 2024 (13.6 Tev)
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e High hit efficiency >98% for strips, scales linearly with instantaneous luminosity

e Pixels hit efficiency degrades with integrated luminosity, recovered by annealing,
gain calibrations, and HV bias increase
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Resolution
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Automatic anomaly detection

e The pixel detector is prone to short (a few LS)
anomalies (1 LS = 23 seconds)

e Spotting them is not the easiest task: runs can
last 100-1000 LS

e Anomalies:
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e One layer/disk: low impact on tracking

e Overlapping layers/disks: tracking is affected
— LS certified bad

e Improves overall data quality, minimal effect on
integrated lumi.

e ML models (AutoEncoder, NMF) are being
developed to aid automatization




Heavy ion collisions

CMS Experiment at the LHC, CERN T e
.\ Data recorded: 2025-Jul-08 14:38:58.532736 GMT i 1 e CMS Experiment at the LHC, CERN

Zwss | Run/Event/LS:394270/1040531/1 ~' - - : ~ {| Data recorded: 2025-Jul-05 03:20:06.329728 GMT
’ ~ J = | Run/Event/LS: 394154 / 8598934 / 5

CMS Experiment at the LHC, CERN
% Datarecorded: 2025-Jul-01 06:27:19.958208 GMT
- |"Run7’ Event/ LS: 393953 / 42096806/ 18

e For the first time, CMS had Ne-Ne, O-0,
and p-0 collisions

e [racker performed well during these
heavy ion collisions
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Summary and outlook

e No major failures in the last years for strips. Pixels lost a few components due to connector/
auxiliary electronics faults

e Higher leakage current, but no major difference in profile for strips compared to earlier in Run 3

¥ Publication available (Run 2): |
7 Operation and performance of the '
¢ CMS silicon strip tracker
¢ with proton-proton collisions at the §
} CERN LHC |

e Good overall hit efficiency, resolution and signal-to-noise ratio

e Pixel Barrel Layer 1 evolves rapidly with radiation
e Decreased charge collection efficiency
e Cluster breaking
e Auto-masked channels

e Jools such as automatic anomaly detection helps ensure high data quality

Pixel and Strips Tracker continue to deliver high quality tracks to CMS
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Summary and outlook

. o 2022 2023 2024 2025 2026
Keep]ng the Shlp afloat >JFMAMJJASONDJFMAMJJASONDJFMAMJJASONDJFMAMJJ?NDJFMAMJJASOND

Continuous calibrations of the detector
Radiation effects are being monitored and studied closely 2030 [ 2031 | 2032 | 2033
Various mitigation strategies

Navigating uncharted waters

~———
" Atthe flnal

stretch of Run 3!

' Masked channels

uster breaking
e

Valuable experience for
HL-LHC upgrades!
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Run 3 extended by 1 year
M
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Silicon pixel tracker module design

Token Bit Manager (TBM)
e Receives clock, trigger, configuration data

e Controls readout of a group of ROCs |
e 2 TBMs for Layer 1 Token Bit Signal & Power

High-density interconnect (HDI) MRAGer vables

e Flex printed circuit glued on top of the
sensor and wire-bonded to ROCs

e Routes control and data signhals between
ROCs and TMBs

e Routes high-voltage to the sensor

Planar n-in-n silicon sensor
e 280 uym thick
e 100x150 pym?

e Bump-bonded to array of 2x8 ROCs

Read out chips (ROCs)

e PSl46dig > 90% efficiency up to
200MHz/cm? hit rate

e PROC600 > 90% efficiency up to
600MHz/cm? hit rate
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PSI46dig and PROCG600

PSI46dig

e Used in BPix 2-4 and FPix

e Column-drain readout architecture, 160 Mb/s digital readout, enhanced charge discriminator
e >90% efficiency up to 200MHz/cm? hit rate

e Radiation tested up to 150 Mrad

PROC600

e Specifically designed for BPix Layer 1

e Faster hit transfer by grouping pixels into clusters of four for simultaneous readout

e >90% efficiency up to 600MHz/cm? hit rate

e Radiation tolerance tested up to 480 Mrad, with full functionality at doses up to 120 Mrad
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Pixels HV bias scan
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Pixels cluster properties

e Cluster charge normalized by incidence angle

e HV: BPix L2: 350V, L3&L4: 250V, FPix R1: 400V, FPix R2: 300V

CMS Preliminary 2024 (13.6 TeV) CMS Preliminary 2024 (13.6 TeV)
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Pixel on-track cluster size

Muti Wulansatiti
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- /Compacl Muon Solenoid

Pixels barrel layer 1 residual offset and resolution

Hit residuals in Layer 1 are not equivalent to the intrinsic hit resolution due to sizable extrapolation
uncertainty that is folded in
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Summary of strip pitch range

Muti Wulansatiti

Sub-detector Layer Pitch
TIB 1,2 80
TIB 3, 4 120
TOB 1-4 183
TOB 5, 6 122

32

Sub-detector Layer Pitch

TID 1 80.5-119
TEC 1 81-112

TID/TEC 2 113-143

TED/TEC 3 123-158
TEC 4 113-139
TEC 5 126-156
TEC 6 163-205
TEC 7 140-172
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Detector status - Strips

5o CMS Preliminary Run 3 (13.6 TeV) Each point represents a single run
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Radiation status

: BPix Layer 2-4 Fluence
BPix Layer 1 EPix [10'4 N-eq/cm?] Dose [Mrad]
Present (fb-1) 250 366 Layer 1 20 94
Layer 2 6.9 36
End of 2025 390 435 y
(fb-1)
Layer 3 3.5 17
End of Run 3
(fb-1) 380 495
Layer 4 2.1 9.2
FPix 3.7 19.3
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