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Future at CERN: HL-LHC

Where we are
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Future at CERN: HL-LHC

A "bright” future
Phase 2- Pushing LHC to the limit... | HiLum
* Up to 4000 fb? of integrated luminosity :

over 10 years

* 14 TeV centre-of-mass energy
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Major CMS detector upgrades e e
HL-LHC - Plan (Feb '22)
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CMS during HL-LHC

The challenges in the forward regions

“The Phase-2 Upgrade of the CMS
Endcap Calorimeter”
Technical Design Report

- Radiation levels equivalent as in the

region of the inner pixel trackers
- Highest fluence of 10%* n./cm?(2 MGy) after 3000 fb?

* Significant engineering demands
* Dense calorimeter in tight space constraints
* Fine lateral and longitudinal granularity NS i 5 iR T T B

o 1 MeV-neutron equivalent fluence in Silicon at 3000 b
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- Unprecedented number of trigger

and data information
* Online pileup mitigation needed
+ Dedicated offline reconstruction algorithm § 150
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- Existing endcap calorimeter to be replaced
by the High Granularity Calorimeter
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The HGCAL Project

-30 °C
5D Imaging Calorimeter

* High Granularity Sampling Calorimeter
5D imaging calorimeter:
3D spatial granularity, energy, timing information
Two separated sections in one single detector

* Active Materials
* Silicon Sensors (CE-E and CE-H)

Hexagonal 8" wafers
6M pads (~620 m?)

* Plastic Scintillators with SiPM readout (CE-H)
240k scintillator tiles (~370 m?)

- Passive materials
Lead absorber plates, copper cooling plates, and CuW
baseplates .
Compact and dense object > 225 T Pb/CuW ~2.2[m] Steel/Cu

27.7 Xo, ~1.5 A ~8.5 A
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HGCAL: 5D Imaging Calorimeter

Forward jet signatures from VBF

LAYER 8 LAYER 14  LAYER 31 LAYER 32

q

Spatial 3D Granularity
* High lateral and longitudinal granularity
“The Phase-2 Upgrade of the CMS .
Endcap Calorimeter” Two showers can be clearly separated

Technical Design Report Energy Measurements
* Large dynamic range per cells > 10°
* From MIP calibration to showers
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HGCAL: 5D Imaging Calorimeter

Forward jet signatures from VBF

Timing Information & Resolution
VBFH - yy+ 200 PU * Ability to contribute to the level-1 CMS trigger (L1)
- Pileup mitigation
* 20 ps per channel of targeted resolution o
- 100% time-tagging efficiency for photon with pT~5 GeV' 1=
* Independent from detector ageing

q

10° i b 1 =

“The Phase-2 Upgrade of the CMS ¢
Endcap Calorimeter”
Technical Design Report

|
n Hits from all layers projected to same depth
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Active Material - Silicon

Silicon Sensors oo

8" hexagonal wafers

Different cells sizes

/ + Different e.m./hadronic lateral
shower development

* Same cell capacitance

Partials design

* Circular endcap from hexagons

Limit between
3001 and 200

W) €T~

Inner Radiu \

LOW DENSITY.SENSOR HIGH DENSITY SENSOR

208 L 120 pm
Radiation levels similar to 1.2 criia 0.5 6

pixel tracker 192 CELIS" 432 CELLS

“Measurement of silicon-sensor prototypes for the

CMS High-Granularity Calorimeter”
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Active Material - Silicon

Silicon Module *PCB haseplate in the
hadronic sector

Hexahoard PCB >
- Hosting the readout chip
¢ Silicon Sensor
© Metalized Kapton Sheet >
- Bias supply to sensor back side

CuW BasePlate* >
- Rigidity, contributes to the
absorber material

Radiation levels similar to
pixel tracker
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Active Material - Scintillator

SiPM-on-tile

More details in M.De Silva's Poster

* Regions towards the rear

A."‘m"f

+ + Cell sizes from 4 to 30 cm? o= e i 2

| k_)\hgl ;1:\““ 1| afl
Tileboard (TB) PCB —N |

Hosting the readout chip =T e ratyaifa

. Wrapped Scintillating tile N — == s

Reflective foil i

Silicon PhotoMultiplier (SiPM) |t Ll Sl

Calibration with LED =) |a s

= x
Less radiation levels than
silicon section | |
= !I, . \
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Active Material - Integration

Cassettes

Mixed CE-H

Limit between
300y and 200y
> sensors

kkkkkk
nnnnnnnn

~2.2[m]

* Integration of modules and all

ancillary components:
- Wagon/Engines, services

> First cassette to be built soon
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HGCAL Readout Chip

HGCROC

Ph l I Clk 40M
SM?:‘ - . EEEea Fast commands  |«g—
LI 4-4  comm port
BxRst -
Clock and control path
Y  J
6‘ Readout path
-A.DC % ;
—p-_.. s TOT e Data
encoding SV 72y readout
IManager '
| FIFO | ! e
TOA : 2\1113-{“ a
K DAQ path
A A
Charge Lot 7 bits ™ T
p2) Truncation readout
(4 0r9) Compression . manager
4x Trigger
' link
kit o Slow control
Calibratio Bandgap
[ ml:lm nn ToT/ToA Voltage o
thresholds References _ ‘
Slow control path

“The Phase-2 Upgrade of the CMS
Endcap Calorimeter”
Technical Design Report
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Low Density

3 ROC

High

Front-end ASIC component
Charge and time measurements
Same design for Si and Scintillator
with adaptations

Two halves chip with 78 channels

Density
6 ROC
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HGCAL Readout Chip

HGCROC

“The Phase-2 Upgrade of the CMS
Endcap Calorimeter”
Technical Design Report
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-G - = (R el Synchronous fast control:
Erete. S > Custom 320 MHz (8 bit at 40 MHz)
Clock and control path
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15001 ?g—? ¢ CharQEIEnergy:
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HGCAL Readout Chip

HGCROC

DAQ Path

- Data packets after
receiving level-1 trigger

Trigger Path:

Ry ' : * Sum of 4/9 channels

jS— —
Charge o 7bis | + 1.28 Gb/s outputs
Linearization p) ,T LB )
Compression 000000000 . L,

(4or9)

“The Phase-2 Upgrade of the CMS
Endcap Calorimeter”
Technical Design Report posters
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HGCAL Full Readout Chain

Signal Flow

Hexaboards Engines & Wagons Off Detector

HGCROC 1:20Chps(elinks 1.28Gbps e-links 10.24 Gbps optical links

Cesr {vime

Control & Timing
TPG & DAQ

LD: 3 HGCROCs / Hexaboard - i
HD: 6 HGCROCs / Hexaboard Rafael
Fast Commands + clock (320MHz)
bPOL12 linPOL12
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ECONs
* Concentrator chips
ECON-T:

Select/compress trigger data
Transmission every 40 MHz

ECON-D:

Process full resolution data
after trigger

Perform zero suppression
Transmission at 750 kHz

Engines/Wagons
Active/Passive elements
Hosting IpGBT/VTRX

Transmission to DAQ back-end
Clock distribution
Fast commands/Configurations

15



HGCAL Full Readout Cham

First test of the readout chain
Testbeam at CERN - August 02-09

¢ Two low density silicon modules tested
with full readout chain
* ECON-T/D emulators

ylem]

700 Energy
 [AU]

60Q

CMS Work in progress

10

iiii

-10

x[cm]

Full chain with ECONs ASIC to be tested
in September testbeam at CERN
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System Validation

Silicon and SiPM-on-tile modules

. > 1000 MIP = 8.716 [ADC counts]
Low Density S 360
- Noise, S/N studies in 800 |
testbeams MIP Signal
g %0 from
§ testbeam

First high density module 400
assembled and tested in il

20011}
December I
- Performance similar to of
CMS work in Pl’OgrESS the |0W denSIty mOdU|eS ° 105igna12[2\DC coigts] “ >0
_ CMS Work in Progress
SiPM-on-tile I R b i B
. . fl_) B ) pedestal = (262.0+;’-2.52}§ 120
* Closed to final tileboard module S50, | s Ged subed = (178 700:2 AL ADC,.
. . . =z F i =1.9: no. of events = 100 -
commissioned and tested in test 200, oS e (s T
beams N | MIP Signal i e -
* S/N studies - t f{gm Ik . B Ea
* Scintillator light yield calculations sk ‘ speam 1| . T
0 E [T Lmlrr”r'd}q—"l"(-ﬂ” EIIP E ..-l. B
’ 400, 600, 800, 1000, o . o m % m

Reconstructed Amplitudes [ADC] 2z 2% m: edge I?éongth [mm]
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Status of the Project

Preparation of mass production

HGCAL Timing Schedule (as of July '23)

2023 2024 2025 2026 2027

JFMAMIJJASONDJFMAMIJJASONDIFMAMIJASONDJFMAMIJASONDIJFMAMIJASC

Pre-series
(FE, Cassettes)

Pre-Prod 5%
Prod -> 50%
Prod -> 100%

* Pre-series compohnents

* Finalizing the design
Qualifying manufacturer or process
Not included in the installation
Preparation for pre-production

* Pre-production (2024)
* 5% of the total production
* Intended for the installation

In time for the scheduled
lowering in 2027

LD
lSensors | AD DCP: 338 days
| _ERws ' HGCROC  testing |  ON CRITICAL PATH -16 days P ‘ ¥

VFE : HexaBoards | DCP: 80/days (LD) / 119 days (HD) ¥
Silicon Modules [ | pre-prod 5 months, prod 21months ON CRITICAL PATH
Scintillator I ‘ ‘ | prod 18 months  DCP: 303 days i
SiPMs I:] prod 8.5 months DCP: 303 days
TileBoards I 1 | prod 12months pcp: 2431days P
TileModules | | pre-prod 5 muri‘ths, prod 12 moa‘prhs DCP: 24‘2 Hays
ECONs |__ER 40% rest of gal:_d +testing | DCP: 48 days
FE (HD wagons, CM) [ | DcP: 56 days
Cassettes ! |ore-prod S months prod 16 months | ON CRITICAL PATH
Mechanigs | DcP: 325 days

i ; ; [ HGCALL ]
Stacking and integration I =TS
Cold test —/
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Preparation of Mass Production

Tasks and Workflows

Silicon modules
* 26k modules in total
* Built and tested in 5 Module Assembly Centres (MACs)

— .y
ol YT Fe A

* HD Full Yhodule (NTU) '}
Li=

; | *  SiPM-on-tile modules

© 240k SiPMs/tiles in total

© 3744 Tilemodules in total

SN ‘ R * Built and tested in 2 Tilemodules Assembly
SSEMBLY MACHINE - | Ep—— Centers (TACs)

e Ll

"
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Outlook

Journey to the CMS 5D Imaging Calorimeter

* Cutting-edge detector design
* High spatial granularity detector
* Precise timing for showers
* Energy measurements from MIP to showers

« >6M silicon & >200k scintillator channels
in harsh environment

- Important progress and ongoing

developments

+ System performance in testbeams and lab tests
- Results in agreement with expectations
- Full readout chain with all ASICs to be tested
soon

* Readiness for mass production
- Most components close to final design
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CMS during HL-LHC

Upgrades overview

Trigger/HLT/DAC Barrel ECAL/HCAL

* Track information in L1-Trigger * Replace FE/BE electronics

* L1-Trigger: 12.5 ps latency — output 750 kHz * Lower ECAL operating temp. (8 °C)
* HLT output 7.5 kHz

New Endcap Calorimeters
* High granularity
* 3D capable

Muon Systems

* Replace DT & CSC FE/BE
Electronics

+ Complete Muon coverage

in region 1.5<n<2.4

New Tracker

* Rad. tolerant — high granularity — significant less material

= 40 MHz selective readout (py>2 GeV) in Outer Tracker for
L1 -Trigger

* Extended coverage to =4

| EPS-HEP 2023 | "An overview of the CMS High Granularity Calorimeter"

Mew Precision Timing Detector

* Barrel: Crystal +5iPM

* Endcap: Low Gain Avalanche
Diodes
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Timing Resolution

Specifications

10

© Ot = ajitter (&) Ofloor

o, (ns)

Oijitter= A/ (S/N), Ofloor ™~ 20 PSs

>
@
g

« 20 ps - targeted resolution

* Timing resolution not varying

significantly with sensor thickness -

or radiation when the resolution is

i
7

measured as a function of S/N

107
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HGCAL Mechanics

CE-E Mechanics:

* Dense layering of cassettes, lead sheets, stacked on a
stainless steel back-plate

* Mechanics in advanced design stage
* To be made by CERN and industrial partners

CE-H Mechanics:

+ Layered stainless steel structure

* All raw steel plates and cylinders have been
manufactured
* Pre-production started in March 2023

| EPS-HEP 2023 | "An overview of the CMS High Granularity Calorimeter"

Moderator
(Polyethylene HDPE)

Moderator supporting structure
(Aluminum EN-AW 5083)

Z bars connecting ring
(Stainless steel 304 L)

(Stainless steel 316L)

CE-E Inner support Cylinder
(Aluminum)

CE-E Backdisk
(Stainless steel 304L)
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HGCAL Readout Chip

HGCROC

L
4a B II“"“‘_{
F 9 S sYwrare

~J
FNIYDID oY D oo

"The Phase-2 Upgrade of the CMS endcap calorimeter
Technical Design Report
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Front-end ASIC component
Same design for Si and Scintillator with

adaptation

-> conveyor gain used as pre-ampflier
Two halves chip with 78 channels
Low noise, large dynamic range
- from MIP to showers

Accommodating 12 ps of latency
- L1 requirement

High speed readout links
> 1.28 Gb/s

Radiation tolerance

Low power consumption: ~20 mW
- 125 kW per endcap
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Simulation and Reconstruction

Offline reconstruction

Tracksters of two

Detector simulation

* Geometry close to the final design

* Sensor/Electronics provide full end-to-end simulation
* Reconstruction with realistic end-of-life conditions

close-by photons.

Raw data unpacking
¢ Full unpacking in ~40ms
* First-level calibration exploiting GPU-compliant module

CMS simuiation Preliminary

Reconstruction with TICL and CLUE-3D Reconstructed Truth

G PU=0

* lterative clustering
* RecHits - LayerClusters - Tracksters

End-to-end Machine Learning
* Noise filter

clustering on cleaned data

- GravNet graph neural network performs [”ZE t]

| EPS-HEP 2023 | "An overview of the CMS High Granularity Calorimeter"
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Silicon Sensors

Baseplates

Hexaboard PCBs

Tileboard PCBs

Scintillator Tiles

| EPS-HEP 2023 | "An overview of the CMS High Granularity Calorimeter"

Status of the Project

Summary of the principal components and Workflow

Silicon
Modules

Cooling
Plates

Engines,
Wagons, and
Motherboards

Cables and
Fibers

Scintillator
Tilemodules

CE-E
Mechanics

CE-E
Cassettes

CE-H
Cassettes

CE-H
Absorber

Integrated
Endcaps
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2018 Test Beam

Prototype - HGCAL and CALICE AHCAL

T S
= - ]
é)‘v 000 o Data g ]
oossk . 8§=(221%03)%\GeV e
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- HGCAL EM and hadronic sections sl ,,,‘,‘_,.,—.s-‘f"""

- CALICE AHCAL scintillator section p
+ SKIROC2-CMS ASIC (readout chip) oonof- ,,;s“% o5

0.015 —‘0

o2 L 2 C
> (E) " Eveam

| | PR

° Beams
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2

© e+, Y-, - up to 300 GeV g ' B —
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: ; SiEr
* Measurements of the £ 5

-
o
o

™

performance of energy resolution N
and timing 095;—

0‘Qé_Dyr)amic reduction network
**tested for energy regression

0.8~
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Pl PR 1 1
0.075 0.100 0.125 0.150 0.

175 0.200 0.225

1/\/Fream [GeV]

CMS HGCAL praliminary CERN SPS beam tast 2018
- 175 Positron test beam data:
W MCF referance  =+== (1925 & 55.4) ps
A MCP, jitter subtr. —— (2061 28 & 14.6) ps
¥ intrinsic HGC — (1869 28Y 5 16.5) ps

Puasitron simulation:
Mc (1712 82¥ 2.57.6) ps
A MC, jiter subtr. = (1883 82¥ 212, ps

50 100 150 200 250 300
Positron energy, E (GeV)
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