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CMS at LHC

During the Long Shutdown, many 
detector systems were improved/
refurbished
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For the first time since 2018, 
CMS is taking high-energy 
collision data again

Continuing LIP responsibilities in ECAL 
and PPS



CMS for HL-LHC

Looking beyond Run 3:

CMS has a large upgrade 
program in progress, with 
significant LIP 
involvement in multiple 
systems

Most detectors will be significantly improved, and completely new 
detectors will be installed, to maintain physics performance in the 
harsher pileup/radiation conditions 3
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Abstract

The CMS Collaboration intends to pursue the study of central exclusive production (CEP) events,
pp ! pXp, at the High-Luminosity LHC (HL-LHC) by means of a new near-beam proton spectrom-
eter. In CEP events, the state X is produced at central rapidities, and the scattered protons do not
leave the beam pipe. The kinematics of X can be fully reconstructed from that of the protons, which
gives access to final states otherwise not visible. CEP allows unique sensitivity to physics beyond the
standard model, e.g. in the search for anomalous quartic gauge couplings, axion-like particles, and in
general new resonances.

CMS has been successfully operating the Precision Proton Spectrometer (PPS) since 2016; PPS started
as a joint CMS and TOTEM project, and then evolved into a standard CMS subsystem. The present
document outlines the physics interest of a new near-beam proton spectrometer at the HL-LHC, and
explores its feasibility and expected performance. The document has been edited by the members of
the PPS group and builds on their experience in the construction and operation of PPS.

Discussion with the machine groups has led to the identification of four locations suitable for the
installation of movable proton detectors: at 196, 220, 234, and 420 m from the interaction point, on
both sides (in this document these locations always imply both sides, unless otherwise noted). The
locations at 196, 220, and 234 m can be instrumented with Roman Pot devices similar to the ones
presently used. The 420 m location requires a bypass cryostat (which has been developed for other
locations in the LHC) and a movable detector vessel approaching the beam from between the two
beam pipes.

Acceptance studies indicate that having the beams cross in the vertical plane at the interaction point,
as implemented after Long Shutdown 3, is vastly preferable over the present horizontal crossing. This
gives access to centrally produced states X in the mass range 133 GeV�2.7 TeV with the stations at
196, 220, and 234 m. The mass range becomes 43 GeV�2.7 TeV if the 420 m station is included,
which makes it possible to study central exclusive production of the 125 GeV Higgs boson. This is a
major improvement with respect to the current mass range of 350 GeV�2 TeV.

The radiation background has also been studied. Radiation hardness is required for all components in
the tunnel. Service work during short technical stops will not be possible. The irradiation dose rate
will be very strongly peaked near the beam. Detectors should therefore be vertically shifted with a
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MIP Timing 
Detector 
(MTD)
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MTD
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Ambitious project to provide precise timing 
over a large range of rapidity

~30ps resolution at beginning of life, ~50ps over 
lifetime of HL-LHC

Increase of physics sensitivity by exploiting “4-D” 
vertexing in space+time

Time Tagging at the HL-HC

2/4/21 LIP seminar - Tahereh Niknejad 6

• Vertices at the HL-LHC have a distribution in time with ~ 180 ps rms

• The MIP timing Detector (MTD) allows timing of charged particles with a precision of 30-50 ps

18
0 

ps
RM

S

4.8 cm RMS

Ø Beam spot: time spread of 180 - 200 ps, 

largely uncorrelated with the spread in z 
Ø 4D vertex reconstruction

• Disentangle overlapping vertices in 

space with precision timing. 
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The inverse velocity (1/') v.s. rigidity (p/|z|) for 
BTL (|#| < 1.5) and ETL (|#| > 1.6) with various 
species of light nuclei embedded into HYDJET 
PbPb events at 5.5 TeV.

The dE/dx from pixel track v.s. rigidity (p/|z|) for 
barrel (|#| < 1.5) and endcap (|#| > 1.6) with 
various species of light nuclei embedded into 
HYDJET PbPb events at 5.5 TeV.

Provides improvements in long-
lived/stable particle searches, di-
Higgs, b-tagging, PID for heavy 
ions/flavor physics…

PoS(LeptonPhoton2019)100

Precision timing with the CMS MIP timing detector Pablo Martinez Ruiz del Arbol
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Figure 6: Distribution of the inverse of the particle velocity for the HSCP signal, the background, and the
background estimated with the MTD (left), and neutralino mass estimated using the timing information for
a SUSY GMSB model with different lifetimes (right).

tion. This detector will be composed of two parts: the Barrel Timing Layer based on LYSO crystals
and the Endcap Timing Layer based on silicon sensors (LGADs). The inclusion of timing infor-
mation is expected to have a strong impact in the mitigation of the harsh pile-up conditions at the
HL-LHC. By associating a time stamp to the tracks, the number of spurious tracks not compatible
in time with the primary vertex will be reduced improving the physics object performance for jet
reconstruction, b-tagging algorithms, lepton isolation, transverse missing momentum resolution,
etc. These improvements will translate into a sensitivity increase for important analyses such as
the double Higgs search, and will also bring unique physics potential for complicated topologies
such as those involving the production of long-lived particles.
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MTD technologies
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Barrel (BTL): |η| < 1.5

LYSO crystals and SiPMs

LIP responsibility for electronics, 
including Front-End boards, and new 
TOFHIR ASIC developed at TagusLIP

MTDJoin the MTD project!
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} Dive into a 4-dimensional adventure for the CMS Phase-2 Upgrade!
} Unprecedented track-timing precision
} Cutting edge silicon sensor technologies
} Challenging ASICs, clock distribution, mechanics, and integration
} Unexplored phase-space for discoveries and precision measurements

YAPS!
Yet another [CMS] 

paradigm shift

} Significant impact on the HL-LHC physics
} Recover Phase-I purity of vertices (+25% gain in luminosity)
} Enhance flavour tagging in pp collisions (B physics)
} Unique potential for Long-Lived Particles
} Unique flavour physics with PID in Heavy Ions

} Bridge to, and gymnasium for, the future (*)
} Track-timing with (AC)-LGADs at future colliders
} 5D fine granularity EM calorimetry with crystals + SiPMs

Don’t miss your 
scientific opportunity!

(*) The 2021 ECFA detector roadmap; The EIC Yellow report

Endcap (ETL): 1.6 < |η| < 3

Silicon Low-Gain Avalanche detectors (LGAD)

MTDJoin the MTD project!
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FE board v2
Features:
• FE board processes signals from 64 channels 
• Short SiPM flex connections
• Two TOFHIR2 and two ALDO2 ASICs

101.5 x 52.0 mm

1.5mm	Spacers
M2	threaded	inserts

Soft	spacers

Module	housing
(earth		ground)

FE	board
(DC	ground)

Mechanical integration: 
• TOM module
• Copper housing provides thermal coupling and 

electromagnetic shielding

MTD Annual Review, 1/10/2021, J. Varela BTL front-end electronics 18

Barrel Front-End board

Total of 340k channels, with 14k TOFHIRs and 5300 FE boards to be 
designed, produced, and tested!



TOFHIR
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Threshold above the baseline [uA]
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delay = 750 ps
delay = 720 ps
delay = 660 ps
delay = 580 ps

Resolution with MIP pulses, 
beginning of lifeTDC resolution

Input current

Cancellation  
currents

Output current

Measurements with sensor modules confirm 
excellent expected time resolution 

~30ps beginning of life, ~55ps end of life

New dark count rate cancellation method implemented  

Compensates expected large increase in DCR from silicon 
PMs



TOFHIR status and timeline
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Chip dimensions:  8.5x5.2mm2
TOFHIR1: First adaptation of TOFPET chip for 
initial system tests in 2019

TOFHIR2: Full 32-channel chip and functionality, 
tested in 2020

TOFHIR2X: Improved DCR cancellation, tested 
in 2021 

TOFHIR2B: Improved single event upset 
protection, under test now 

Several iterations of TOFHIR passed through extensive 
tests (system/electronics integration, testbeams, 
irradiation with ions…)



Electromagnetic 
Calorimeter
(ECAL)
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ECAL
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Many years of LIP responsibility for ECAL 
electronics

Now continuing for LHC Run 3

For HL-LHC: full replacement of electronics, to 
meet pileup/rate requirements

Collaboration with Portuguese industry to develop new 
low-power ADC IP block

ADC Unit

Two instances of the ADC IP :

ADC H : high gain input
ADC L : low gain input

Resolution : 12 bits

Sampling rate : 160 MS/s

Input CM : 600 mV

Input voltage swing : ±600 mV

Foreground calibration

Two clocks :

Main clock : 1.28 GHz
Sampling clock : 160 MHz

G. Mazza (INFN Torino) LiTE-DTU January 29th 2019 5 / 24

12-bit resolution, with 160MS/s sampling rate

First production integrated and evaluated in LITE-
DTU chip in 2021, with good results



Precision 
Proton 
Spectrometer
(PPS)
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PPS in Run 3 and beyond
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After Run 3: pursuing upgrade 
proposal to reinstall PPS-like 
system for HL-LHC (Expression 
of Interest in arXiv:2103.02752)

Forward proton tracking and timing detectors, in Roman Pots ~200m from the 
CMS interaction point
PPS is now taking data in Run 3, with improved detectors compared to Run 2

Vertical movement system, to mitigate radiation damage on pixel/tracking detectors

Improved “Double diamond” timing detectors, with time resolution goal of <= 50ps



PPS@HL-LHC

New activity started at LIP-Lisbon/TagusLIP: 
R&D on LGAD silicon-timing detectors for 
PPS@HL-LHC

Adapted from MTD-ETL design

13

Collaboration started with CMS-ETL 
institutes on market survey 

Variety of different sensors from several 
vendors evaluated for I-V curves, inter-
pad spacing, time resolution
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PPS@HL-LHC

Unique issue for PPS: highly 
non-uniform irradiation profile

Huge flux mainly concentrated 
on first columns nearest the 
LHC beam

Simulation studies to optimize 
LGAD segmentation in terms of 
radiation dose, occupancy, HV, 
complication of bonding to 
readout chips, etc. 

Results will be used to guide 1st prototype 
production of a PPS-like LGAD sensor



Summary
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After nearly 4 years, the LHC and CMS are running again

The CMS HL-LHC upgrade program is in full swing

LIP-CMS group continues it’s long-standing involvement 
in ECAL and PPS electronics/operations in Run 3 

LIP has a major role in timing detectors and/or 
electronics in several systems

On track to provide new TOFHIR ASIC and 
Front-End cards for MTD, and ADC blocks for 
ECAL, with excellent performance

New R&D program on silicon LGAD sensors and 
electronics for PPS timing underway



Extra
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MTD: Particle reconstruction
• Improve particle reconstruction/ID

– Increase b-tagging efficiency
– Increase photon and lepton Id, efficiency and isolation
– Improve missing transverse momentum resolution
– Reduce fake jet reconstruction

• 10%-20% gain in S/B in many Higgs decay channels

M. Gallinaro - "The CMS group" - LIP Jornadas - July 2022 25
HL-LHC@140PU
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