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CMS Experiment at the LHC, CERN
' Data recorded: 2025-Oct-08 20:55:40.834048 GMT
p

Run/ Event/LS: 397962 / 179871689 / 556

https://cds.cern.ch/record/2945596

This 1s from a high-pileup run 1n 2025 with 206 vertices amongst the 9381

reconstructed tracks at one collision


https://cds.cern.ch/record/2945596
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Add a new dimension “

4D Reconstruction Vertices
4D Tracks
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Introduction

e MIP Timing Detector (MTD) 1s a novel detector 1n
CMS Phase-II upgrades g7 ;::r;cilpprf:ﬁdsom

* |nner radius. 1148 mm (40 mm thick)
* Length: £2.6 m along z

ETL: Si with internal gain (LGAD):
* Onthe CEnose: 1.6<|n|<3.0
+ Radius: 315 <R <1200 mm
+ Positioninz: #3.0m (45 mm thick) iveiii
+ Surface ~14 ms =8

e MTD is designed to measure the time of MIP
particles at a precision of 30 - 60 ps

* Fluence at4 ab': 2x10™n, /cm

e To cope with the high pileup 1n HL-LHC that
will operate with about 4 times higher
instantaneous luminosity wrt the current one

e Up to about 200 vertices per bunch crossing

 To open new windows for BSM searches at
CMS

e MTD consists of a Barrel Timing Layer (BTL) and
Endcap Timing Layers (ETL)

CMS
e BTL 1s designed with LY SO:Ce crystal bars + Z
silicon photomultipliers (SiPMs) |

Barrel: LY SO+S1PM

e ETL is designed with LGAD Different levels of radiation fluence 1n barrel and endcaps
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reconstruction widely
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A line density of 0.8 corresponds to a pileup less than 80
Recovering PU down to roughly the Run3 level

Impact 1n reconstruction

e MTD will effectively suppress the pileup effect and improve the performance of
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https://cds.cern.ch/record/2667167
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Impact 1n physics

e MTD will effectively suppress the pileup effect and
bring new functionalities to search for LLP

e Increase the HH signal acceptance by 20% from
1solation, btagging etc.

e Improve the single Higgs (yy, 41, 77) precision by
20-30% from 1solation, vertex identification, VBF
tagging, MET etc.

e Suppress reducible background in SUSY by 40%
from btagging, MET

e Open a new window in searches for long-lived
particles (LLPs) from f;; p

MTD TDR 7
CMS rhase-2 simuiation 14 TeV
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MTD impacts the resolution of the

reconstructed HSCP mass significantly

GMSB stau here has a very long lifetime crossing
the full detector


https://cds.cern.ch/record/2667167
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Barrel Timing Layer

e BTL will be installed between the inner tracker and the
electromagnetic calorimeter of CMS

e Have one cylindrical layer covering |#| < 1.48 with an acceptance

for muons (p; > 0.7 GeV) of ~90% limited by supporting rails of
the Tracker and small dead areas between sensor modules
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MTD TDR 8

2 trays In z
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BTL detector
72 trays: 2(z) x 36(¢)
332k channels

e Surface ~38 m2
e [nner radius 1148 mm
e Total thickness 40 mm

e Total length 5200 mm with 36

trays 1n +Z and another 36 1n -Z


https://cds.cern.ch/record/2667167
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Sensor design

e Sensor consists of a LYSO:Ce crystal bar 3 .
coupled with S1PM 1n two ends | I

e LYSO bar: 54.7 x 3.12 x 3.75 mm?3
e SiPM: 2.91 x 3.80 mm?2

- 54.70 " 6.5,
e Sensor module 1s made of 1 array of 16 crystal : -
bars and 2 arrays of 16 S1PMs :% =
Y - !
4L

crystal array SIPM array
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Sensor propertie

e LYSO:Ce scintillator crystal bars
e Fast rising (~100 ps) and decay time (~40 ns)
 High light output: 40000 photons/MeV

e Radiation hard, proven up to 50 kGy with gamma radiation from
60Co and 3x1014 Neg/cm? with 1 MeV neutron

e Mature technology in industry (PET)
e S1IPM
e Compact in size, insensible to magnetic fields
e Fastrecover time < 10 ns, high gain <103
* PDE peak matches LY SO emission peak (~420 nm)

e Cooled to -35 C by CO2 and further down by -10 C with TECs 3x4
mm? x 0.9 mm for a lower DCR [2023 JINST 18 P08020]

e Readout by ASIC TOFHIR2C with differential leading edge
discriminator for DCR reduction [2024 JINST 19 P05048]
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https://doi.org/10.1088/1748-0221/18/08/P08020
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05048
https://doi.org/10.1088/1748-0221/19/12/P12020

CMS MTD Barrel Peking University Xiaohu SUN

2024 JINST 19 P12020 11

Tlme re S O IUtl On NIMA 1081 (2026) 170823

* The time resolution i1s determined by several sources: ele phot DCR
electronic noise, photo-statistics, DCR noise and Or = Uy D P D O S
instabilities of the clock distribution (< 10 ps, negligible)

3 O_Z?lock

0- . g— 1 20 I LI ] P I UL I L I B3 G SR | | | L B I LI ] UL |
ele _ Y noise TDC N i

o, = al/dt D o0y | | | Q. . non irradiated <+ data :
. , electronic noise, depending on — 100 T
slope of signal pulses at the timing threshold and the TDC L. ¥ 77, electronics j
precision (16 ps) % 80 I — photo-stat.
& _ 4
e Lower NV,, (number of photo-electrons) and gain at L sk ]
lower over-voltage, degrading dlI/dt, resulting in a larger GE) ; j
contribution of 6, . /(dl/df), while 6!P¢ dominatesin | = 40 )
higher over-voltage i i
0 o
phot 1 I ) :

Ie T ya 0 e e e
. P* | (@ = 0.5), photo-statistics, statistical 0 05 1 15 2 25 3 35 4

fluctuations in the time of arrival of the photons detected at Voy V]
the S1PMs, normally the leading factor in time resolution —


https://doi.org/10.1088/1748-0221/19/12/P12020
https://doi.org/10.1016/j.nima.2025.170823
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After 1rrad1 athn NIMA 1081 (2026) 170823

DCR?
O‘tDCR o

o Npe

(f =~ 0.5), DCR noise, increasing with DCR that ramps up after irradiation

e DCR increase can be mitigated by annealing between operations

e CO2 provides ~10 C and TECs heats up by another ~50 C, reaching ~60 C for annealing
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https://doi.org/10.1088/1748-0221/18/08/P08020
https://doi.org/10.1016/j.nima.2025.170823
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S CINSOT Optimi S atiOn 2024 JINST 19 P12020

o Lower DCR and higher N, are essential in the sensor

optimization for time resolution

Operation with CO2+TECs at -45 C temperature
(DCR reduces to half with AT =-10 C)

Annealing with TECs at 60 C to mitigate DCR

Larger cell-size S1iPM (higher gain and PDE thus
bigger N, _, but larger DCR)

pe’

e Still gain as

Thicker LY SO bars to increase the energy deposit £,

O'tDCR

oC

DCR?

Nope

with f ~ 0.5

Removal of glue between LY SO and wrapper to have
higher LCE (light collection efficiency)
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https://doi.org/10.1088/1748-0221/18/08/P08020
https://doi.org/10.1088/1748-0221/19/12/P12020
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B eam te StS NIMA 1081 (2026) 170823

e Pertformed series of beam tests at CERN H8 and Fermilab

 Reached time resolution of 25 ps before irradiation and 55 ps after irradiation of HL-LHC operation

?120 NN B B S B B B B S R —
S
S 100 i —o— Test beam data )
= .- TDR expectation
8 80 - .
@
2 | e
40 ,‘ -“‘_- ' n
tracking system reference module trigger
(wire chambers) module under test (plastic scintillator) 20 . i
Reached TDR design
" .
beam 0 1000 2000 3000 4000

Integrated luminosity [fb ]
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https://doi.org/10.1088/1748-0221/18/08/P08020
https://doi.org/10.1016/j.nima.2025.170823
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MTD TDR | 5§

A S S emb ly Physics Reports 1156 (2026) 1-39

Module | RU | Tray @ Total
e Entered the phase of assembly of the detector Channels (SiPMs) || 32 | 768 | 4608 | 331776
Crystals 16 384 | 2304 165888
coe . . . . ASIC 1 24 | 144 @ 10368
e Global assembly centers: Caltech, Beijing, Milano, Virginia  wodules © 24| 144 10368
Readout units (RU) - - 6 432
Trays - - - 72

e Sensor Modules — Detector Modules — Readout Unit — Tray

PCC boar

I Detector
module

g D © ' Front-end board

Front view of a detector module
Senso Sensor
module module



https://doi.org/10.1016/j.physrep.2025.10.006
https://cds.cern.ch/record/2667167
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Quality assuring/control

o Stringent QA/QC are performed oneach 3 _ |

produced model and their integration s |

e Tests cover the light yield, energy
resolution, thermal contact, readout with

front-ends etc.

Light Yield (p.e.
S

N
-
-
o
|

1000 |-

left side: mean = 3.31e+03, RMS = 2.8%

- right side: mean = 3.27e+03, RMS = 2.9%

average: mean =3.35e+03, RMS =2.4%

L1ght yield

16
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Summary

e A novel detector MTD was proposed to mitigate the high pileup effect in HL-LHC by
labeling the MIP tracks with precision timing information

e Essential to keep excellent sensitivity of CMS physics programs in the HL-LHC era
e Open new windows to BSM searches such as LLP

e The MTD Barrel Timing Layer was designed and was verified to reach target of 25 (55) ps
in the beginning (end) of HL-LHC operation at testbeam

e The assembly of the detector have started and 1s undergoing with high momentum

e More than 90% of sensor modules and 70% of detector modules have been produced and
qualified. About 30% of trays assembled

e The first fully dressed tray arrived at CERN from oversea

 The installation and commissioning of BTL 1s expected 1n 2026
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One step closer to the real BTL

13

Dosameers S

q, |
The first full tray from PK
arrived at CERN 1n Sep
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Backup
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CMS @ LHC 20

CMS upgrade projects

|1 Trigger Barrel Calorimeters Calorimeter Endcap

CMS d general purposc deteCtor @ LLHC httos:/Jeds.cern.ch/record/2714332 hitps://cds.cern.ch/record /2083187 itps/cds.com.ch record /1293646
* Tracks in L3-Trigger at 40 MHz * ECAL single crystal granularity at L1 trigger * 30 showers and precise timing
Total wei ght; 14000 tonnes " Particle Flow selection with precise timing for efy at 30 GeV * S, Scint#SiPM in P/W-SS
: v 750 kK2 L1 output + ECAL and HCAL new Back-End boards Muon systems
Overall diameter: 15.0 m 40 MHz data scouting https.//eds.com.ch/record/2283189

- , v DT & CSC new FE/BE readout

Overall length: 28.7 m DAQ Hiheve Trge . R backendeecronis
Magnetic field: 3.8 T https:/Jeds.cetn.ch/record /2759072 ' NewGEM/RPC16<n <24
. - e * ull optcal readout  Extended coverage ton =3

e
i ' Heterogenous architecture

" 60 TB/s event network
v 7.5 kHz KLT output

MIP Timing Detector
Pracision timing with:
* Barrel layer; Crystals + SIPMs
' Endcap layer:
Low Gain Avalanche Diodes

)

Tracker

https://cds.cemn.ch/record/2272264

gomy D , v SkStrip and Pixels increased granular

§ 7 e S _ ' Designfortracking in Li-Tigger '\
N o T g ' ' v Extended coverageton = 3.8

AN ST o A ! Beam Radiation Instr. and Luminosity
(o SR ' 3 http://eds.corn.ch/record /2759074
‘ | P " + Beam abort & timing
* Beam-induced background
i N5 | " * Bunch-by-bunch luminosty:
Uy My, N 1% offline, 2% online
' + Neutron and mixed-field radiation monitors
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Pileup

2025 (13.6 TeV): <u> =60
2024 (13.6 TeV): <u> =57
2023 (13.6 TeV): <u> =52
2022 (13.6 TeV): <uy>=46 | 8
2018 (13 TeV): <u> =37
2017 (13 TeV): <u> = 38
2016 (13 TeV): <u> =27
2015 (13 TeV): <u> =14

2012 (8 TeV): <u> = 21 L6
2011 (7 TeV): <u>=10

CMS

00

SO0 UOUU

N

o™(13.6 TeV) = 80.0 mb

oPP(13 TeV) =80.0 mb

Recorded luminosity ( fo™ )

oP(8 TeV) = 73.0 mb

N

oP(7 TeV) = 71.5mb

: ] — 0
0 20 40 60 80 100

Mean number of interactions per bunch crossing
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> 60 | o= ALICE // 2024 E 100 |2
a - 2022 , — I
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8 |z /2025 g e
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2 20— g
10— B
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https://indico.cern.ch/event/1571894/
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S1PM optimisation

Table 1. Comparative table of fill factor, PDE, and gain at Voy = 3.5V for different cell sizes.

Producer Cell Size (pm) Fill Factor PDE Gain (x109)
15 0.61 0.36 0.39
HPK 20 0.70 0.51 0.68
25 0.76 0.57 1.05
30 0.80 0.60 1.49
15 0.65 0.35 043
20 0.73 0.45 0.70
Bk 25 0.77 0.50 1.02
30 0.80 0.54 1.40




