Precision timing with the CMS ETL
detector in the Phase 2 upgrade

B A

University of Science and Technology of China

FEYIEFESEVESEETNREER FINIEFEREIN
20248 LIFR S5




HL-LHC upgrade and pileup challenge

Upgrade of the accelerator complex optics and
injectors to increase the beam intensity
® 140 - 200 collisions / beam crossing, > 10000

tracks / beam crossing (40 MHz)

® target luminosity 3000 fb-1
® 1 year of HL-LHC equivalent to ~10 years of LHC!

r [cmj

CMS Simulation Preliminary 4000 fb!; 0;,e; = 80 mb (14 TeV)
108 '

300 I I I

RN YT I AMIInI Ao e
— - . - L B

250

200

150

100

50

0
0 100 200 300
CMS FLUKA Simulation v.6.0.0.2

Nan Lu (USTC)

400

’ !_-_d‘
i r

.I

- m—

1 MeV n equivalent fluence [cm)

—_ —_ Qe — —_ —_— —_—
o o o o o o o
— iy - — — — -
) w S w [e)] ~J co

500 600
Z [cm]

CMS DP-2023-087

Jiy

JL

CMS Experiment at the LHC, CERN
‘Datarecorded: 2016-Oc¢t-14 09:33:30.044032 GMT.

Real-fife event— with HL-TLHC-like pileup from special run in- 2016 with
_individualhigh intensity bunches

Extra energy in jets / isolation cones
from overlap of (neutral) particles
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Merged jets from spatially
unresolved vertices



https://cds.cern.ch/record/2881090

Timing for minimum ionizing particles (MIP) particles by MTD

CMS MIP Timing Detector (MTD): New
Precision Timing Measurement

allows 4D (x,y,z,t) track and vertex reconstruction
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e \ertex merging reduced from 15% to 1%

Significant sensitivity gains across the HL-LHC physics program
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Beam spot has a spread of
about 180-200 ps:

e “slice” in successive O(50) ps
time frames to reduce pileup

MTD TP: LHCC-P-009

10 events/mm/ps




Pileup mitigation with MTD
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Charged hadron identification

1 7CMS Phase-2 Simulation PbPb (5.5 TeV)
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e Measurement of velocity for low pT hadrons, 1.

1.6

enabling particle identification: i

® 77/K separation up to 3 GeV 14 10
QL u ]
~ 1.3

® p/K separation up to 5 GeV
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fVix L: path length of a track from i i E El p c:
the beam line to the MTD. o |
® Measurements of heavy flavor particles of interest to study |ALICE LHC
evolution of QGP 3 Inls0.9 Y <!
® CMS, Alice and LHCb have complementary PID capabilities ] E;_'Z'j
in terms of rapidity coverage Lo T T— "
0 ” | proton1 fapidity i > 3
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Mass reconstruction of long lived particles (LLP)
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e Mass of LLP can be reconstructed with timing

plus kinematics of visible part of LLP decay! (;{
Fundamentally changes how we carry out these MID &7
searches um @ ) -
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e Example: top-squark pair production and decay
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CMS MIP Timing Detector Overview

e MTD add completely new capability to CMS: measure precisely (30-70 ps resolution)
the production time of MIPs

CMS/ BTL: LYSO bars + SiPM read-out
e > TK/ECAL interface ~ 45 mm thick
i > |n|<1.45 and p> 0.7 GeV

= Active area ~ 38 m?2; 332k channels
> Fluence at 3 ab'l: 2x10'% n,/cm?

ETL: Si with internal gain (LGAD)
> On the HGC nose ~ 65 mm thick
> 1.6< |n| <3.0
> Active area ~ 14 m?; ~ 8.5M channels EESEEST.
= Fluence at 3 ab™': up to 2x10"> ngy/cm? - '

e Choice of sensor technologies for barrel and endcap timing layers driven by technology
maturity, radiation hardness, power consumption, and cost and schedule considerations.

CMS-TDR-020 March 2019



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

ETL detector layout

Each endcap is comprised of 2 disks

® 16x16 LGAD, bump-bonded to the ETL read-out chip (ETROC)
® providing up to two measurements (50 ps/hit) per track (40 ps)

Coverage:
® z=3mfrom pp interaction, supported on HGC nose
coverage 1.6 < |n| < 3.0
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High fluence:
> 1E15 n,/cm?

CMS FLUKA 3.7.18.0

® 3000 fb-1 with x1.5 safety factor
® 3000 fb-1
4 4000 fb-1

1MeV Fluence [1E14 n,/cm?]
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b Low fluence
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ETL Detector Layout

+Y is up

1: ETL Thermal Screen
i 2: Disk 1, Face 1
Support dISkS 3:  Disk 1 Support Plate
. . ¢ o O DGR 4: Disk 1, Face 2
Service hybrids | e 5. ETL Mounting Bracket
6: Disk 2, Face 1
\ , 7:  Disk 2 Support Plate
LGAD Sensors SR HGC 8: Disk 2, Face 2
9: HGCal Neutron Moderator
10: ETL Support Cone
Thermal 11: Support cone insulation
« 12: HGCal Thermal Screen
screen
‘—
Beam axis
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ETL sensor: LGAD

CMS ETL LGAD sensor requirements

® 1.3 x1.3 mm2pads for a total surface of 21.4 x 21.6 mm?2

® 16 x 16 channel per sensor
® gain 10-30

® time resolution < 50 ps (per/hit) @ 1.7x1015 neq/cm?

® depletion region thickness: 50 um
® LGAD deliver > 8 fC

® ETL need 8.6 million channels

® ETL will comprise ~ 35k LGAD sensors (20% spare

sensors included)
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Performance of prototype ETL detector

Test results with ETROC1 wire-bonded to LGAD sensor demonstrate expected performance.
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Extensive testing of ETROC2 prototypes with bump-bonded sensors underway. Initial results confirm measurements

with ETROC1.
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LGAD+ETROCI1 resolution is 42-46 ps
from TDC digital outputs
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ETL sensor modules

HV Connectors

Module PCB

Edge Supports —

Thermal
Adhesive Films
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ETL module: Four LGADs bump-bonded to the ETROC ASIC, arranged
between the module PCB and a baseplate
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Using existing 15x15 LGAD matrix IV/CV

Microscope

Vacuum pump}j,
(in backside) |\ ‘

PC for data
acquisition

HV source meter |

Dual-channel )\
pico-ammeter i 8

LSS
LCR meter \ :

| =
LCR meter s "I;x

adapter
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measurement setup designed by USTC

CMS Large LGAD matrix characterization at USTC

labprob-Data-CMS-IV-HPK-P2-5x5-W43_P6 [Log]
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Low temperature
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il Chamber temperature
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Low temperature
circulator

150 200 250
Bias Voltage [V]

 Per channel IV/CV measurement enabled by probe card +
switch board

 all other channels are grounded
e Switch board: https://doi.org/10.1016/j.nima.2022.167008
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CMS Large LGAD matrix characterization at USTC

A1519 VBD hist CNM is exploring in-kind contribution to ETL sensors
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Compact Muon Solenoid

CMS Large LGAD matrix characterization at USTC

* Design and build the setup for 16x16 LGAD matrix at USTC

 Zheng De design and produce switch matrix, based on 15x15 LGAD characterization experience

e order 16x16 probe card with collaboration with INFN Torino group

 Chengjun is leading students on commissioning the full system right now at USTC lab

16X16 LGAD A
DIGITAL SWITCH BOARD

2024/6

GAD -

% e v U8
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B ETL LGAD post-processing and preparation of QA center in China

LGAD Timeline:

e 2024: Freeze LGAD specifications + define quality management (QA/QC) procedures
for the sensors production — Invitation to Tender and final selection of the vendor(s)

e decision if LGAD post-processing at vendor

e 2025: Beginning of the sensor production for ETL

Our ongoing work:

e To provide post-processed sensors for bump-bonding and module assembly +
technology validation of CMS LGAD post-processing by vendor in China

e four FBK 8 inch LGAD wafers will be post-processed by NCAP in late August
e Build LGAD QC centers in China USTC and SCNU
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Summary and outlook

CMS MTD ETL, based on the LGAD technology, at last stage of detector prototyping and soon
moving ahead to pre-production&production

e sensor production to start in 2025
e detector installation in CMS in 2027 - 2028
USTC contributed to LGAD characterisation during prototyping phase:
e Excellent measurement capability for 15x15 and 5x5 CMS LGAD sensors
e \Work progress to design and build the 16x16 setup
Our ongoing&future work:

e TJo provide post-processed sensors for bump-bonding and module assembly + technology
validation of CMS LGAD post-processing by vendor in China

e Build LGAD QC centers in China USTC and SCNU
Close collaboration with SCNU, Shandong University and INFN Torino
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Tagging jets originating from bottom-quark

e |Improve b-jet tagging efficiency by 4—6% barrel (5—7% endcap)
by reducing spurious secondary vertices

e caused bytracks from pileup interactions.

b-tagging in Phase 2
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MTD Physics Potential

e 10 - 20% gain in di-Higgs significance

30 ps BTL, 35 ps ETL

Channel | No MTD | ETL Only | BTL Only | MTD
bbbb 0.88 0.90 0.93 0.95
bbTT 1.30 1.38 1.52 1.60
bbyy 1.70 1.75 1.8 1.90

Combined 2.31 2.40 2.97 2.66

DP-Update MTD_physics_case v7:
https://twiki.cern.ch/twiki/bin/viewauth/CMS/AN-22-060



https://twiki.cern.ch/twiki/bin/viewauth/CMS/AN-22-060
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Requirements of the MIP timing detector

_ Barrel Timing Layer (BTL) | Endcap Timing Layer (ETL)

Coverage In| < 1.5 1.6 < |n|< 3.0
Surface Area 38 m? 12 m?
Power Budge 0.5 kW /m? 1.8 kW /m?

RadiationRose < 2 X 10'* nyq/cm®* <2 x 10% n,,/cm?

BTL: lutetium-yttrium orthosilicate crystals ~ ETL: two disks of Low Gain Avalanche

activated with cerium (LYSO:Ce) crystal Detectors (LGAD), same sensor
read out with Silicon Photomultipliers technology as ATLAS High Granularity
(SiPM) Timing Detector.
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Low Gain Avalanche Detectors (LGADs)

e | GAD: ultra-fast silicon detectors with a highly doped p+ gain layer for charge

multiplication. Gain ~10-30

e Technology choice of ATLAS High-Granularity Timing Detector (HGTD) and CMS ETL

>

X n++ :

p bulk

/ p++

p e |

E field Traditional Silicon detector

[LGAD silicon sensors:

>

- =1

+ gain layer \
P9 d JTE
bulk

P : p++

>

Ultra Fast Silicon Detector E field

e signals that are a factor of 10-20 larger than traditional silicon detectors

* maintaining very low noise
* fine segmentation
* thin sensor
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\. Very good S/N: 5-10 times
/" better than current detectors
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16 rows, 20.8 mm
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Precision timing at low power: ETROC ASIC
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16 columns, 20.8 mm

A

Pixel Matrix
MWaveform ;ave;orm
Sampler - Sampler
TDC Clock Gen Bias Temp
Gen Sensor
A
Fast Command Waveform
Decoder FLL 12C Sampler Ctrl
A A A
4 y/
Rx 4)& / /
I l ! I \ 4
Data Fast SDA SDA

Comman d oc¢ SCL ADDR SCL ADDR

Performance specifications:
® TSMC 65nm technology, 100 MRad (TID spec)

® | ow noise and fast rise time

® Low power: =4 mW / channel at end-of-life

® ASIC contribution to time resolution = 40 ps at end-
of-life

ETROCO: single analog channel

ETROC1: with TDC, 4x4 channel-clock tree
ETROC2: full size, full functionality, testing now!
ETROCS3:final chip, submit next year




