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A Motivation for upgrading endcap calorimeters
A The choice of high granularity

AThe CMS HGCAL design and prototyping

A System and Beam Tests

A Status and production phase
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LHC / HL-LHC Plan

LHC

Future @ CERN : HHHC

N

@
L4 A
o m
P @

LAAGE HADAOH COLLIER

HL-LHC

T evers T
13 TaV - 13.6 TeW
odes Consciidalion
B Tev splce i:l!l'ﬂﬂlﬂlll:nﬂ il LI inasaliaian HL-LHC
TTeV — b"':;';;::::" " :':;re- Ciwil Eng. P1-I' ikt Bsan Ir::uII:nH:f inalallaticn

ATLAS - W5
aaperimanl IR [ |
PHMBIRE  emiealum 2ol Lum ALICE - LHCb Saspp
FE% nominal Lumi Spgnaie

EXs

HL-LHC TECHRICAL EQUIFMENT:

DESIGH STUDY PROTOTYPES

COMETRUCTION

HL-LHC CI¥IL ENGINEERING:

PEFINITION EXNCAVATION BULEINGS

24-25 May 2025 Calorimeter- bora.akgun@cern.ch

2000 fhri
4000 !

ningeed
uminosiy

INSTALLATION & COMM.

f b L]

An Overview of the CMS High Granularity



CMS p-p collisions at 7 TeV per beam

500 1 MeV neutron equuvalent quence in Silicon at 3000 fb™!
2P WTRE SR ORI S

]

Fluencg [cm

~10°1MeV nq,cm? @ 3000 fiin
forward calorimeters whpileup ~200
and up to2 MGy absorbed dose

/8 pileup events in 2012
expect 146200 @ HHLHC
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15 2 25 3 A Completely replaces the existing
endcap Preshower + ECAL + HCA

A The detector concept : Sampling

calorimeter of many layers. Will

measure precisely

A Energy

A Spatial precision in 3D

A Time
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The HGCAL Project

5D imaging calorimeter Operated | |£
A 3D spatial granularity, energy, timing information at-35%C /=
Al D/I'"[] O20SNB M®p f ' §f o0@n -7

A Two separated sections in one single detector

Active Materials

A Silicon SensoCEEand CEH)
A ~620 M Si sensors in ~27000 silicon modules
A ~6M Si Channels (0.5 or 1¢cell size)

A Plastic Scintillators with SiPM readout {&E
A 24 scintillator tiles£370 )

Passive Materials

A Lead absorber plates, copper cooling plat
and CuW baseplates

A Compact and dense objefhy225 T

Power Consumption
A ~125kW per endcap Pb/CuW

Scintillator
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Case for HG Calorimeter in the forward region tracker  ECAL HCAL

A Allows PF measurements to extend from the tracker

into the calorimeter

A Allows the subtraction of the energy from pileup o[ [ |l . i
events leading to a good resolution even in high 3 "k

pileup environment
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A Merged jets can be reconstructed with higher
efficiency and betteEresolution improving the
boosted object reconstruction performance

1 A The high lateral granularity allows the tagging of

narrow jets originating from the production mode
of the VBF Higgs boson as well as jets from the
weak vector boson scattering

| A HG allows efficient gammareconstruction/PID in

the presence of PU in the forward region
A E resolution like the current detector at high

energies
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HGCAL: 5D Imaging Calorime;

Forward jet signatures from VBF
: Layer 31

,y(mm)

-600|
6

v

CEE CEH
+. C [ + 260 PU
q q Spatial3DGranularity y
A High lateral and longitudinal granular;
A Two showers can be clearly separ.

Energy Measurements X
A Large dynamic range
A From MIP calibration to showers

The Phase-2 Upgrade of the
CMS Endcap Calorimeter - TDR
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HGCAL: 5D Imaging Calorime;

Forward jet signatures from VBF
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(~3.5 MIPg threshold for timing measurement)

Timing Information and Resolution
A Ability to contribute to the levell CMS trigger
A Pileup mitigation

The Phase-2 Upgrade of the
CMS Endcap Calorimeter - TDR
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Active Materialc Silicon

"’é Silicon Sensors
AyQQ KSEIF32ylf 61 FSN&A -
A Different cell sizes Outer Radius b g

sensors

A Differentem/hadronic shower developmen
A Partial design
A Circular endcap from hexagons

_ @@
Low _Density Sensonpe

1 " s |
2 ARG A, A mit between
M 192 Cells P AN j ~ 200, and 120y

High Density Sensc

120 ym

_ 05 crﬁ
Radiation level comparable 432 Calls

to pixel tracker
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Active Materialc Silicon
Silicon Modules

4\

Hexaboard PCB ' &

Hosting the readout chips

W) €T~

Metalized Kapton Shee
CuW BasePlatez

Rigidity, contributes to the absorber material

*PCB baseplate in the hadronic sector

. Step Hol
Radlat lon Ie\I/eI cokmparable ,Signal?v’ire; =~ Bias Voltage Via
O pixel tracker ‘ / W \ .
HexaBoard | / \ ﬁ.
, - / Sensor §
~ I Kapton ]ﬁ\j e
’ m
Baseplate 31
Notch 3
Qo
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Active Materialc Scintillator
SiPMon-tile

Cell sizes from 4 to 30 @

Tileboard PCB &

§ Hosting the readout chipS [ ﬂrg“ﬂisaf ) ” 7
N o : ' " W' |
Wrapped Scintillating Til " _ [= |~F

Reflective foil

" Silicon Photo Multiplier (SIPI\/l)
Lower radiation level Calibration with LED

than silicon sector

Scitillator
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Integration
Cassettes

/Mixed CEH

rrrrr

Limit betwee
3004 and 20(

A Integration of
modules and auxiliary
components

A Wagons/Engines,
services

‘‘‘‘‘

.1/ 200y and 12
7\ sensors
~
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Integration
Physical Space

Deported Seivices Reuin Concentrator )
DCDC-Mezzanine Channel 9 LD-WagonBoard Mezzanine DCDC-Mezzanine

Electronics

On Iy 5- 1 mm tO put a" ) — L3 B 7 __ ** __ HexBoard
electronics
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HGCAL Electronics

Main Components and Signal Flow

Hexaboards Engines & Wagons Off Detector
1.28Gbps e-links 1.28Gbps e-links 10.24 Gbps optical links
HGCROC
D
sensor o Ty e :
D 7 “_}L, — DataPath & _ ECONE
e s | IpGBT | VTRx+ | | Back-End
| — ECON-T
: : Control & Timing
RN A ; 12C TPG & DAQ
4
LD: 3 HGCROCs / Hexaboard -
HD: 6 HGCROCs / Hexaboard Rafael <
Fast Commands + clock (320MHz)
LDO | bPOL12

ASIC developments: HGCROC, EUONLDO, Rafael
Generic components: IpGBT, VTRx+, DCDCs

These are hosted on pcbs: Hexaboards, Engines/Wagors/K{J&nd Tileboards (¢H)

The figure is for SRegion. The scintillator region is very similar. It uses a different version
of HGCROC, the SCA for Slow Cantrol

An Overview of the CMS High Granularity
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HGCROC

The Phase-2 Upgrade of the CMS
Endcap Calorimeter - TDR

Phase . CIk 40M
Shifter == o R e S e e K Fast commands  |q—
LI <-4 comm pot |q—

BxRs! - - 4

Clock and control path

Readout path

2
5 T
: |
O o '
e ' Data |
encoding C '
g2 e 1 manager
e :
o |

2x Data
link

4x Trigger
link

Calibration - DAC Bandgap Slow control  (g—
injection t}“ l-{\lo‘l:iA Voltage comm port  lg—p
e References Slow control path

A Frontend ASIC

A Charge and time measurements

A Similar design for Si and Scintillator with adaptat
A Two halves chip with (up to) 78 channels

A Dynamic Range: ~0.2fC to 10pC
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Low Density (LD
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HGCAL Electronics
HGCROC

The Phase-2 Upgrade of the CMS
Endcap Calorimeter - TDR

- Setlebi e Fast commands {4— Synchronous fast

LI <-4 comm pot |q—

E— control @ 320 MHz

Readout path
7 "
'
Latency triggered | | Data |
Vet 72x = readout
' g 0y
FIFO | ! manager
'
|

Circular

manager

Butter 2x Data

¥ link
[ ' e e e— B
\ Digital [S5] >
Charge ke _‘ )l;f : b J T u‘: :1 3 1125‘&:;
o . al ™ runcatior S

Linearization = (4::0» B | manager Channel 45
» ] 4x Trigger ADC
| 4 link — TOT
—— TOA

Calibration - DAL Bandgap Slow control
injection ToT/ToA Voltage comm. port
Ramibolis References Slow control path

A Charge/Energy

A ADC10O0 A G Tb t &
ATOT120 A0 Th aK2 6 SNE
A Time:

0.8 1.0 12

ATOA100 A G ™ 6AGK HPp TP . e
(full range 25 ns)
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HGCAL Electronics
HGCROC

The Phase-2 Upgrade of the CMS
Endcap Calorimeter - TDR

;:‘;‘: }--- PLL l» ----- ’r--gf".'“."’l--------;J---;'-'. Fn?(conmla:.ls -
ﬁ ‘ ‘ § Ll Readout path DAQ Pa‘th
P | T [la Data packets after LV1A
"‘ g Tloifl] cita |21 | S 72| (o g 1|/ LV1Alatency up to 12.5 ps
9 = iy 2 outputs @ 1.28 Gbps

Charge Digital ~ 7hits ™| Trigger .
Lo [ T[] Trucaon, roger ‘[>3 Trigger Path
N T Trigger primitives @ 40 Ml

[m,,,mm,, e ]_@ E— Max latency of 36 bx
njection ToT/ToA Voltage comm. port
Sealokis References Slow control path 4 O utp utS @ 1 . 2 8 G b p S

l Sum of 4/9 channels

A

Asynchronous slow controfC
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HGCAL Electronics
ECONI/D

Hexaboards Engines & Wagons Off Detector

1.28Gbps e-links 1.28Gbps e-links 10.24 Gbps:optical links

HGCROC

Y ECON Viezz

’ ==

sensor

Data Path

1pGBT [{VTRx+ [ {Back-End|

Control & Timing
TPG & DAQ

Trigger Path i

12C

<

LD: 3 HGCROCs / Hexaboard - b
HD: 6 HGCROCs / Hexaboard Rafael [«
Fast Commands + clock (320MHz)

ECOMND: ECONI:
A Receives HGCROC data packets after L\AL/Select/compress trigger data

A Performs zero suppression A Transmission every 40 MHz
A Transmission @ 750 KHz

i

EEALTECARAALRRREAALE
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Hexaboards

1.28Gbps e-links

HGCROC

Data Path i

Trigger Path  }

LD: 3 HGCROCs / Hexaboard
HD: 6 HGCROCs / Hexaboard

Engines/Wagons:
A Active/Passive elements
A Hosting IpGBT/VTRX+

A Transmission to Baeknd

A Clock distribution

A Fast commands/Configurations
A LD Engine contains 3 [pGBTs and ||

1 VIRX+

HGCAL Electronics

Engines/Wagons

.............................

—]
Rafael |«

# OGAINIONIgp @

Off Detector

Engines & Wagons

10.24 Gbps:optical links

©—— Back-End

1.28Gbps e-links

VTRx+ [«

—{liecaTY

Control & Timing
........ 12C TPG & DAQ
Fast Commands + clock (320MHz)
linPOL12

LD Englne HD Engine

HD engine

mockup

A HD Engine contains 6 IpGBTs and =

2 VTRX+

24-25 May 2025
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HGCAL Electronics
BackEnd

Hexaboards Engines & Wagons Off Detector

HGCROC 1.28Gbps e-links 1.28Gbps e-links 10.24 Gbps optical links
= F-Cm oo

.............................

Data Path ' ECON_D
. 5 | IpGBT |}/ VTRx+ | Back-End
Trigger Path :
; : H Control & Timing
) e e 12¢ TPG & DAQ
LD: 3 HGCROCs / Hexaboard ‘\@4
HD: 6 HGCROCs / Hexaboard N
2 Fast Commands + clock (320MHz)
bPOL12

ATCAbased custom readout FPGA boards SR
(Serenity) o Ese s
A Can host up to two FPGA daughter boar -
A Receives data via optical fibers from VTI+
A 54x2/108input channel 10 Gbit/s
A Transmits data to DTH boards (central C
system)
A 12 output channel 25 Gbit/s

An Overview of the CMS High Granularity
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System Tests
Hexacontroller

Main purpose:
A Silicon Module Tester (Hexacontroller) for electrical/signal integrity tests and debuc

Hexacontroller v1.1

- BT R
S A RS R E L "

Capable of testing different silicon module variants

HexaBoard V2 LD/HD HexaBoard V3 HD
Trophy V1
HexaController V1.1 h V2-V3 HD Interposer
o / Trophy V2
/sys/class/i2c . : RS
. Trophy V3
/sys/class/i2c HexaController V2.0 '
- Uy
/dev/uio %5 QSH-FMC V1.1
/sys/class/gpio I

Additional use case:

A Emulate ASIC functionalities in the lab benches while building the full readout

An Overview of the CMS High Granularity
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Beam Tests

2018 Setup

‘,‘:s,‘ 1] 1K T
= VE re

Carried out at the H2 beamline branchin =

from SPS (Super Proton Synchrotron, CEEias
A et Z, beam of 20 to 300 GeV energ E e
A Full GEANT4 simulation =y |

\ llEL“ =
‘l I
W]
‘dp” (5 "“.‘:
e - A.\

cmtlllator Wiggpe

scmtillator

A Electromagnetic section (HGGEE) A
A Stack of 28 silicon modules
A Double sided cassettes
A Pb/Cu absorber (+ CuW baseplates)
A Hadronic section (HGCAH)
A 12 layers of up to 7 silicon modules assembliegs
A Steel absorber (+ Cu cooling/support plates) [
A Single sided cassettes
A Complemented by CALICE AHCAL
A 39 layers of scintillato@iPMon-tile prototype

A Steel absorber

An Overview of the CMS High Granularity
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Beam Tests
2018 Results

et beam data, reconstructed in HGCBE

JINST 17 P05022

Linearity Energy resolution

8 bmamsgessen | SBof T 4 A Energy response linear withigl.5%

5: 0050_ 3 IEChnun:i:ns;.on _ :::: _; 52((525:32%%)W : above 50 Gev
= S a éz%ﬁ?.ﬁi&%?ﬁ:;f i:i;;z;:tfg 1 A Energy resolution within the physics
ok o N e . 1 performance target: 0.6% constant
D | term
TR e BTEC ] A Compatible with performance of
I - R e the current CMS electromagnetic

. calorimeter
Z beam data, reconstructed in HGCBE;FH and CALICE AHCAL

GNNbased reconstruction (DRN) to fully exploit the high
granularity and account for hadronic showers fluctuations

Linearity Energy resolution JINST 19 P11025

CMS+CALICE
0.6

CMS+CALICE
1.2

U\QJiJS; ¢ Simulatnon:[.)‘HN(E‘X,y.Z) g 0‘5;7 $ Simulation : DRN(Exy.2) Z ‘z722\;3"001?"):‘ A Energy response Iinear Within feW %
s Pomemens B0 . fmei A Excellent data/simulation agreement
2 F : o 0.3, 2 ‘ o 22(12‘382%50{3.03)"/0 1 1
£10% L foeene Y A DRN (Dynamic Reductiomethod
; o b s PFNGS @ X2 resolution improvement
M i ———— _
oo o % ‘ o w.r.t. energydependent weighted
R ... reconstruction (WS)
| T Iy gh Granularity 24
08 50 100 150 200 250 300 - 50 100 150 200 250 300 @ cern.ch

Energy [GeV] Energy [GeV]


https://iopscience.iop.org/article/10.1088/1748-0221/17/05/P05022
https://arxiv.org/abs/2406.11937

Beam Tests
2018 Results

et beam data, reconstructed in HGCBE JINST 19 P04015

250 GeV/c e* 12ccm.|5. I-,GCAL I CERN SPS beamtest2018

° Da1a S
— a= 24nsGch 23ps'

— a=20nsGeV,c= 22p57
° Daia/f :
—a 17nsGch 16ps—

[+:]
[=]
T

The evolution of real
particle showers is
resolved by the timing
measurement

@
=]
T T T T

30
251 \d‘-\\

-
o

250 GeV/c e*: 0.0-0.4 ns 250 GeV/c e*: 0.4-0.8 ns 250 GeV/c e*: 0.8-1.2 ns

n
(=]

Fitted resolution of time ditference between even and odd layers (ps)

[wa] A -
[wa] A .
[wa] A N

(=]
T T 7

50 100 150 200 250 300
Beam energy (GeV)

Resolution using hahowers in even/odd layers
scaled byK2 as estimate of the performance witt
all layers

Performance meeting target: 16 ps constant term
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Beam Tests
2023: Readout Chain Commissioning

A First test beam with full vertical readout chain in Beam spot in LD full module £
place
A Trigger and DAQ path read out at ~100 kHz
A Synchronization of all FE ASICs and BE FPGAs
achieved
A DQM using reconstruction in CMS central softw:
A ECONI and ECOR configuration tests
A Different trigger primitive algorithms exercis
A Zero suppression datmking mode
A Pass through mode e e Sereniy

ylem]

ihs :2 of ECONT for TG : 30
| ———t——— ihs: 3, Compress: udwvnjv istrioution using Emulator for TC :30

ECON-T TPG ——
RCEr Emulated TPG

Entries 96822

Mot 4566 Excellent
S‘ddorngw 11.44‘1)
agreement!

\
3x 10G
UDP/IP

Overflow 1031
hEmulEnergy_30
Entries 96822

Std Dev 11.44
Underflow 0
Overflow 1031

-
o
T |III\H| T T TTTT

CMSworkln pro ress |

—80 EO —40 —20 20 40 60 80 * 100
Compressed energy value
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System Validation
Silicon and SiPMn-tile modules

ADC Work in progress
® clib A 1000 }
s LD module

| } MIP : :;éGﬂ [ADC counts]
A Noise, S/N studies™
In beam tests

First HD module I

assembled Dec. 2022 |

A Similar performance-
to LD modules

v

MIP Signal
from
beam test

# events

0 10 40 50

20 30
Signal [ADC counts]

Work in progress

SI P MO n_ti Ie - §300 C I%or Ch:15 at ConvGain:4 and Ove:rvoltage:5_94/-0.1: 140 2 :::EE:ZEig;&ﬁz&;&zglﬂes? EEZE:EEEEE:E&;:";,::M
- F iy fit maximum = (441.76+/-0.74) ADC |
A ClI final til O R W
OS ed to Ina tl eb Oar ;'25"’? i St;v;d{h_: (33:9311-0:78; ADC! | 100
d | . . d &00 k Chi/NDF = 1.9; no. of events = 28913 B T . o
moadule commissioned an . i~ =
tested in beam tests 1o 'V”fP Signali g« R
A . 100, rom . a0 B
. : EITITA
A SC I ntl | |ato r I Ig ht yl e I d . E H, Y Wm‘ff’.’*‘}ru\..,.aw im PR ,,L "% @ 2 28 3w 32 3. % 3

40‘0' ! 600, 800, 1 000, Tile edge length [mm]

Cal Cu I atlons Reconstructed Amplitudes [ADC]
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CEE Mechanics =
A Dense layering of cassettes, lead sheets, stz w
on a stainlessteel backplate

A In advanced design stage =
A To be made by CERN and industrial par =

=

... s el 11
i ™

CE-E Backdisk

Z bars connecting rin
g nas (Stainless steel 304L)

(Stainless steel 304 L)

CEH Mechanics
A Layered stainlessteel structure
A All raw steel plates and cylinders have been
manufactured
A Preproduction started in March 2023

CEH Raw Material

An Overview of the CMS High Granularity o8
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Simulation and Reconstructior;

s Tracks and clusters clearly
/ identifiable by eye throughout

most of detector.

Detector Simulation

A Geometry close to final design

A Sensor/Electronics provide full end
to-end simulation

A Reconstruction with realistic end ggg(;:;;:;)\
of-life conditions .
Reconstruction with CLUE and TICL =~ = LN
A Reduces the number of hit objects b W !
building clusters of energy — ’ = Tt ”’/
A Can be parallelized and runs on GPL ‘ | /
A Tested with beantest data e = Trackster connecting
A lterative clustering : several 2D LayerCluster:
AwSOI AGa T [ @SNJ f dza G S Ngoos|» cws S
Endto-end Machine Learning 004 *
A Noise filter sk

A GravNet graph neutral network performs
clustering on cleaned data ,

An Overview of the CMS High Granulartit 0 50 100 150 200 250 300
Calorimeter- bora.akgun@cern.ch Beam Energy [GeV]

0.02
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Silicon Modules

A ~27000 silicon modules

A Built and tested in 5 Module Assembly
Centers (3in US, 1 in Taiwan, 1 in China)

SiPMon-tile modules

A 240k SiPMsltiles

A ~4000 Tilemodules

A Built and tested in 2 Tilemodule
Assembly Centers (1 in US, 1 in
Germany)

An Overview of the CMS High Granularity
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