Upgrade of the CMS electromagnetic calorimeter barrel
readout electronics for the High-Luminosity LHC

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter : 15.0 m ; Pixel (100x150 pm) ~16m* ~66M channels

Overall length :28.7m Microstrips (80x180 pm) ~200m?* ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

SILICON TRACKERS

PRESHOWER
Silicon strips ~16m? ~137,000 channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL

~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Essential for standard model, precision
measurements, and new physics search programs
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High Luminosity LHC

x10 larger data set for
physics (wrt Run 3)
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* A challenging environment for
physics and detector components

* Numerous preparations underway
for running in 2026 and beyond
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HCAL Barrel
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CMS protons 7TeV per beam
Dose at 3000.0 [fb"]

ECAL Endcap
At n=2.6: 3x10°Gy (30 Mrad), 2x10 * hicm*

HCAL Endcap
up to 10°Gy (10 Mrad)




Physics with ECAL at HL-LHC i
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* “4D” tracking to improve vertex localization in
time and space (see talk by Si Xie)
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Performance of detector
components at HL-LHC

e Crystal transparency affected by radiation damage
* Transparency loss in barrel < 50% over HL-LHC
running => no need for replacement*

 APD dark current will increase with integrated
luminosity and become a dominant contribution to o,
* x10 more noise after 3000/fb

* Dark current depends on temperature
* Mitigate by cooling the calorimeter to 9°C

(currently at 18°C)
« Will also enhance the light yield of PoWO, by =20%

(AS/S = -2%/°C)
* Further suppressed by reducing amplifier shaping time

ECAL Barrel
— T=18°C (n=1.45)
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Performance of detector
components at HL-LHC

e Crystal transparency affected by radiation damage
* Transparency loss in barrel < 50% over HL-LHC
running => no need for replacement

 APD dark current will increase with integrated
luminosity and become a dominant contribution to o,

* Xx10 more noise after 3000/fb
* Dark current depends on temperature — T8

e Mitigate by cooling the calorimeter to 9°C _& 200 :TBCtH4isc<nsx
(currently at 18°C) | |

« Will also enhance the light yield of PbWO4 by =20%
(AS/S = -2%/°C)

* Further suppressed by reducing amplifier shaping time
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* Will need improved discrimination of direct
lonization signals (spikes), associated with
particles striking the APDs and rarely
Interacting to produce secondaries




Upgrades for HL-LHC

* Major requirement: larger trigger rates and latencies to exploit higher luminosity
e Level 1 rate 750 kHz, 12.5 s latency (currently 100 kHz, 4 us)
* spike mitigation mandatory for L1 rate

* Front-end and off-detector electronics need replacement

* Requires removal, refurbishment, re-installation, re-commmissioning of 36 EB
supermodules

* Opportunity to maintain and enhance performance goals w.r.t. Phase 1:
* same excellent energy resolution
 fast response for pileup mitigation and noise reduction
 timing resolution and improved granularity at trigger

New VFE card New FE card [ . Common ECAL and
Level-1 Trigger HCAL Barrel interfaces

Master |[pGBT ASIC T16,GB/S
Control (2.5Gbps) links
Readout (10Gbps) DAQ
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APDs Pre-Amplifier ADC

Complete replacement of front end (on detector) and off detector electronics



Very Front End Upgrade

The readout system
upgrades satisfy
new requirements for:
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to diff ++— ADC

and transmission rates
and radiation tolerance

2 new custom (radiation hard) ASICs for the VFE upgrade

* CATIA ASIC: analog ASIC
e Trans-Impedance Amplifier (TIA) architecture,
2x bandwidth of current MGPA
e Energy signals dynamic range: 50 MeV - 2 TeV
e 2 outputs, gain values: (x1, x10), with (50, 500) MeV LSB

* LITE-DTU ASIC. digital signal processing ASIC
» ADC: resolution: 12-bit, sampling frequency: 160 MS/s
e Lossless data compression and transmission unit

» Also low-voltage regulator card (LVR): 1.2, 2.5V CMOS65 nm
e Point-of-load FEAST DC/DC converters



Front End Upgrade

The readout system
upgrades satisfy

new requirements for:
bandwidth, conversion
and transmission rates
and radiation tolerance

j Data

Transmission

Front End (FE) cars

» FE: fast optical links to stream all crystal data off-detector at 40 MHz

* [IpGBT/VL+ components (4x10.24 Gb/s data links, 1x2.56 Gb/s control link)
 eLink serial interface to ADC, clock and 12C interface
e ~ 25X increase in bandwidth from legacy system

 Sufficient bandwidth to move all data processing off detector:
noise suppression, pulse reconstruction, trigger primitives generation,
data buffering, etc moved to powerful FPGAs off detector)



Tests of first VFE prototypes

» Staged approach: discrete components first, minimal prototype with TIA only, full
prototype (TIA + 12C + test pulse), full prototype in final package
« Commercial ADC for 1* tests, data transmission units via custom adapter card

VFE
commercial ADC
custom- r1|1|i»-=l H

i
-~ Bare APD

* First characterization in lab with laser light + spike” only

crystal + APDs

* Extensive tests performed at the CERN H4/H2

beam line on a 5x5 crystal matrix
e H4: very pure electron beam,
Ap/p =0.5% with 20< p <250 GeV
* H2: pion beam for APD direct ionization
* Plastic fiber hodoscopes for position measurement
e 2 Micro Channel Plate devices
(1.2 cm diameter, <1 X ) for time reference
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Tests of first VFE prototypes T T e

e 2016: discrete component TIA + DRS4 readout at

5 GSls

 different sampling rates emulated offline

* 160 MHz optimal, at lower frequencies dependence on
the phase between APD signal and ADC clock

e 2018: first prototype ASIC TIA chip + commercial

ADC at 160 MHz

* Realistic noise performance

* Energy resolution matches legacy electronics

* Time resolution matches target (<30 ps @ 50 GeV)
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Results shown for 18°C (Data also taken at 9°C)



Impact of upgrade on trigger

- Target for spike discrimination: 1 kHz L1 rate for E_>5 GeV

* With faster shaping and 160 MHz sampling frequency => strong pulse
shape discrimination for spikes and scintillation signals
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» Single crystal level available at L1
(x25 better granularity than legacy system)

> More sophisticated trigger algorithms
> Improve resolution, PU/background rejection

> Pulse shape method can be combined with
topology for spike suppression

Compact Muon Sokenaid
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Off detector electronics

 Barrel Calorimeter Processor

« ATCA form factor

* Main processing by two powerful

* Embedded LINUX and real time
OS systems for board monitoring,

Xilinx Kintex FPGAS

configuration, and control

« BCP functions

Concentrate detector raw data
Pulse reconstruction and noise

suppression, build trigger

primitives and transmit them to L1

Trigger
Receive the LHC clock and

distribute with high precision to the

on detector electronics.

Buffer and send event data to

DAQ upon L1 Accept

Handle slow-control of on-detector
electronics via [pGBT interfaces

10.24 GB/s
links

Front end
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Level-1 Trigger
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108 boards for ECAL Barrel

Keepout Area TCDOS Clock Jitter
Cleaner and
FPGA SERDES Totals: Fpoit Suiteh

2.58 Gbps Front Panel: 36 TX / 56 RX
2448 Gops ELM: 2 TX /2 RX

10.25 Ghps
2 4-5.0 Gbgs

10,25 Gops

B FiraFly

16 Gbps Xceivers
up to

16 Gbps 16 Gbps

16 Gbps

FPGA SERDES Totals:
Front Panel: 36 TX / 56 B
ELM: 2 TX /2 R

FiraFly

Xceivers
up to Power Input

16 Gz 48V to 12V
& Secondary
== DC/DC
18 Gops Converters

Keepout Area

ATCA Blade (322mm x 280mm)

Common ECAL and
HCAL Barrel interfaces
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Clock distribution

The limiting factor in timing resolution with the current ECAL electronics
(optimized for energy resolution only!)

A well implemented back-end and FE capable of precision clock distribution
should deliver =10 ps RMS (random) jitter

Dedicated studies on the currently available GBTx serial link
* Preliminary results indicate better performance with prototype of new [pGBT

Alternate clock distribution schemes under evaluation also capable of satisfying
jitter requirements

Example: GBTx chip tested
with a dedicated board
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Summary

 The HL-LHC phase will bring exciting and challenging opportunities for
precision measurements and new physics searches

* Motivated by trigger and physics requirements, redesigned BCAL electronics will
provide:
e equivalent energy resolution to Phase 1/legacy system
* precise timing for electrons and photons
e mitigation of pileup effects
* mitigation of increased APD noise
* anomalous signal filtering at L1 trigger
e 25x higher granularity at L1 trigger

* With these upgrades, the CMS ECAL barrel will continue its excellent
performance throughout HL-LHC
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