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Figure 1 (Color online) (a) Integrated luminosity of the LHC in different years; (b) simulated and reconstructed vertices in a bunch crossing with 200
pileup interactions assuming a MTD with 30 ps time resolution covering the barrel and endcaps: with the addition of time resolution, the previously
hard-to-separate dashed vertices are resolved as blue points with time information, enhancing vertex separation”!
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Figure 2 (Color online) (a) Impact of the MTD on the HH—bbyy yield; (b) improvement in the mass reconstruction of heavy stable charged particles

in the GMSB model with the MTD"!
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Figure 3 (Color online) (a) Model of the BTST, where the purple box indicates the installation position of one BTL tray™; (b) modules of the BTL
detector and its assembly sequence, with SMs and DMs assembled into RUs and then into BTL trays
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(@) Copper housing clamped between
cooling plate and FE board inserts
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Thermal pad

SiPM active area
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Figure 5 (Color online) (a) Schematic design of the TEC!'®); (b) TEC hardware, where the TEC is soldered onto the SiPM backplane and must be in

close contact with the outer copper housing to ensure efficient heat transfer
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Figure 6 (Color online) (a) MTD BTL beam test experimental setup and its schematic view; (b) effect of different HPK SiPM pixel sizes on the BTL
time resolution before irradiation; (c) effect of different LY SO:Ce crystal thicknesses on the BTL time resolution before irradiation, where the LYSO:Ce

crystal types and corresponding thicknesses are: type 1, 3.75 mm; type 2, 3.0 mm; type 3, 2.4 mm
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Figure 7 (Color online) (a) DCR as a function of HL-LHC running time for different temperature settings and annealing conditions!'*!; (b) BTL time
resolution versus cumulative luminosity during the HL-LHC!; (c) time resolution as a function of the equivalent pseudorapidity for modules irradiated
to different fluences. The data (dots) are compared with the BTL model expectations (solid lines)!'*!. The dashed lines correspond to the resolution
expected for the test beam data (TB expectation), obtained by adding to the BTL model expectations the extra contribution due to the residual

dependence of the time difference on the impact point
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Figure 8 (Color online) (a) Part of the batch-constructed Sensor Modules; (b) SM QA/QC setup, including a light-shielded dark box, a temperature
control system with water cooling and fans, and a 16-channel CAEN DT5742 digitizer for data acquisition, along with electronics readout and

amplification boards
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This paper presents a detailed overview of the Barrel Timing Layer (BTL), the subsystem of the Minimum Ionizing Particle
Timing Detector (MTD) in the Compact Muon Solenoid (CMS) experiment at CERN, focusing on its physics motivation,
detector design, performance verification, and construction progress for the High-Luminosity Large Hadron Collider (HL-
LHC) era. The HL-LHC, scheduled to start in 2030, will deliver an integrated luminosity of approximately 3000 fb~' over a
decade, with peak instantaneous luminosity leading to 140-200 proton—proton interactions per bunch crossing, creating
extremely challenging pileup conditions for traditional event reconstruction algorithms. To address these challenges and
maintain high-precision reconstruction performance, CMS introduced the MTD in the Phase-II upgrade, adding a precise
timing dimension to the conventional spatial measurements of tracks and vertices from each collision. MTD aims to
provide time-of-flight (TOF) measurements for minimum ionizing particles (MIPs) with a time resolution of 30—60 ps,
enabling pileup discrimination utilizing the time information and the four-dimensional vertex and particle-flow
reconstruction. The MTD consists of the BTL covering |5/<1.45 and the Endcap Timing Layer (ETL) covering 1.6<|5|<3.0.
The BTL is based on 165888 LYSO:Ce scintillator crystals read out by 331776 dual-ended Silicon Photomultipliers
(SiPMs). The combination of high light-yield crystals in a compact dimension and dual-end SiPM readouts provides high
light output and precise timing while keeping the channel count and power consumption under control. The BTL adopts a
modular design, where sensor modules (SMs) are assembled into detector modules (DMs), each DM integrates readout
units (RUs), and full trays are formed at the top level. Unified mechanical, electronic, and cooling interfaces enable large-
scale assembly and system integration. In the HL-LHC radiation environment, timing performance is influenced by photon
statistics, front-end electronics, SiPM dark count rate, and clock distribution. To mitigate irradiation-induced dark count
growth, BTL uses CO, cooling together with Thermo-Electric Coolers (TECs) on the SiPMs to maintain the detector at
approximately —45°C during operation, and at 60°C for periodic thermal annealing during technical stops to partially
restore radiation damage. Beam tests at the CERN SPS HS line, including both unirradiated and irradiated modules,
validated the final BTL design, showing an initial time resolution of ~25 ps, degrading to ~55 ps after lifetime-equivalent
irradiation, consistent with model predictions. Systematic studies of SiPM cell size, LYSO:Ce crystal thickness, operating
voltage, and incident angle dependence confirmed the final design choices and demonstrated that the timing performance
meets design expectations across the entire coverage. BTL has now entered large-scale production and assembly at
multiple international centers, using standardized tooling, procedures, and QA/QC to guarantee high quality,
interchangeability, and traceability. The first full trays have been delivered and passed a variety of acceptance tests
performed at CERN. In summary, MTD BTL is critical for maintaining high-precision event reconstruction under extreme
HL-LHC pileup conditions, and its mature timing performance, radiation tolerance, and large-scale construction readiness
provide strong assurance for physics operations in the coming decade while offering valuable experience for next-
generation high-precision timing detectors.

Large Hadron Collider, Compact Muon Solenoid, SiPM, LYSO:Ce scintillator, time resolution, time of flight
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