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UPGRADE OF THE CMS CALORIMETERS
FOR THE HIGH-LUMINOSITY LHC

Challenges and technological developments

P. Milenovic, Faculty of Physics Belgrade
Corfu, Mon-Repos Palace, 25 May 2024




The only voyage of discovery |[...] consists not in

seeing new landscapes, but in having new eyes.
M. Proust', 1923.

e

Brief overview of CMS calorimeters and
challenges @LHC and @HL-LHC

» CMS calorimeters - performance and challenges at LHC
* Plans and challenges at High-Luminosity LHC (HL-LHC)
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CMS @ LHC

CMS experiment:

* General purpose detector, designed for identification and precise measurement of energy and momentum
of electrons and photons, hadronic jets, taus, and muons originating from pp collisions in LHC (14 TeV)

o : . ' LHC Phase-1 upgrade and Runs 1-3
- Prototyping, testing, commissioning: = 20y
‘: Run 1 | | Run 2 ‘ | Run 3
| Operation, maintenance (Runs |-3): ~13 years
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CMS calorimetry @ LHC

CMS experiment:

* General purpose detector, designed for identification and precise measurement of energy and momentum
of electrons and photons, hadronic jets, taus, and muons originating from pp collisions in LHC (14 TeV)

CMS Electromagnetic calorimeter (ECAL):

- Compact, homogeneous, laterally fine grained calorimeter, designed for measuring energy of electrons and
photons with excellent resolution (< 0.5% for particles with E > 50 GeV)

* Based on 75848 lead-tungstate (PbWO4) scintillating crystals, readout by APDs / VPTs in EB / EE regions

Timing resolution was not a driving design requirement
[timing stability O(Ins) for unbiased energy reconstruction]
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CMS calorimetry @ LHC

CMS experiment:

* General purpose detector, designed for identification and precise measurement of energy and momentum
of electrons and photons, hadronic jets, taus, and muons originating from pp collisions in LHC (14 TeV)

CMS Hadronic calorimeter (HCAL):
» Sampling calorimeter, designed for measuring energy of hadrons (pions, kaons, protons and neutrons)

* In total 9072 read-out channels with layers of brass (iron) absorber and plastic scintillator read by SiPMs in
HB/HE (HO), and steel layers and quartz fibres read by PMTs in HF region

Timing resolution was not a driving design requirement
[improved by timing alignment during the Phase-| upgrade]
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CMS calorimetry @ LHC - challenges & performance

Main challenges @ LHC from multiple overlapping interactions and detector aging effects:

* Increase of dark currents of photo detectors (APDs, SiPMs), ECAL crystal transparency change and
HCAL tile light yield change mitigated using dedicated laser systems
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CMS calorimetry @ LHC - challenges & performance

Main challenges @ LHC from multiple overlapping interactions and detector aging effects:

* Increase of dark currents of photo detectors (APDs, SiPMs), ECAL crystal transparency change and
HCAL tile light yield change mitigated using dedicated laser systems
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Good performance during LHC Runs 1-3, thanks to the in-situ and offline calibrations:

* Good energy resolution, data-MC agreement, and detector stability during the data-ta
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Towards the future: High-Luminosity LHC

From the early discovery machine ... to the Higgs factory and its full discovery potential!
Timeline towards HL-LHC

EW >> Gravitation
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Towards the future: High-Luminosity LHC

From the early discovery machine ... to the Higgs factory and its full discovery potential!
Timeline towards HL-LHC

Event recorded in 2016

Y

13.6 Tev 1243 13.6 - 14 TeV
energy
inner triplet HL-LHC
ne radiation limit installation
e
[ " 2025 | 2024 | 2005 | 202 | 2027 | 200 | 2020 [III|
5 to 7.5 x nominal Lumi ,
ATLAS - CMS p— |
2 x nominal Lumi RS- SER i . 2 bt - . ;
> : i CMS Data (LHC Run 2)
integrated SR ] —~— £ a ) )
m luminosity IR * 3 P ~35 reconstructed vertices (pile-up)

~2’000 tracks per collision bunch (40 MHz)
CONSTRUCTION INSTALLATION & COMM. |||| PHYSICS

Challenges for the experiments:
« Expected 140-200 collisions/bunch-crossing (each 25 ns)

» Detectors exposed to high fluence (up to 10/ n.eq./cm?)
and dose (up to 2MGy) after 3 ab-!

* Major experiment upgrades to improve radiation hardness,
replace detectors at end-of-life or extend coverage,

* Provide handles to mitigate pileup (overlapping interactions) cnde DTN W SN

and maintain/improve trigger acceptance. o ~200 vertices (@40 MHz)
~10’000 tracks per collision
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Brief summary of the CMS Phase-2 upgrade

detailed overview of the whole CMS Phase-2 upgrade

] ] program presented in the talk by Arnab Purohit
DAQ & High-Level Trigger

https://cds.cern.ch/record/2759072 : | Calorimet R
L1- Trigger e Full optical readout arrel Lalonmeters CMS
. : https://cds.cern.ch/record/2283187 |
__,;_, h //cd h/ d/2714892 Heterogenous architecture |
ttps://cds.cern.ch/recor « 60 TB/s event network « ECAL single crystal granularity at L1 | \q <\
e Tracks in L1-Trigger at 40 MHz . 7.5 kHz HLT output trigger | i "{ai g;i; N
» Particle Flow selection with precise timing fore/yat30Gev =~ =
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Technical Design Report

ol 00 <Hz L1 output . ECAL and HCAL new Back-End boards ~ sssops
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e Highly granular
-+ 3Dshowers and precise timing
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ChS Emdeap Calorimeles
[ T IHﬁ Fh-r.-l

https://cds.cern.ch/record/2283189
o« DT & CSC new FE/BE readout

 RPC back-end electronics

« New GEM/RPC1.6<n<24

« Extended coverage ton=3

Beam Radiation Instr. and Luminosityjss
http://cds.cern.ch/record/2759074

MIP Timing Detector + Beam abort & timing

https://cds.cern.ch/record/2667167 © Beam-induced background
Precision timing with: e Bunch-by-bunch luminosity:

- Barrel layer: Crystals + SiPMs 1% offline, 2% online
. Endcap layer: e Neutron and mixed-field radiation

Low Gain Avalanche Diodes monitors

Tracker

https://cds.cern.ch/record/2272264
« Si-Strip & Pixels increased granularity
e Design for tracking in L1-Trigger

« Extended coverageton = 3.8
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https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2283187
http://cds.cern.ch/record/2759074
https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2759072

Brief summary of the CMS Phase-2 upgrade

detailed overview of the whole CMS Phase-2 upgrade
program presented in the talk by Arnab Purohit
DAQ & High-Level Trigger
https://cds.cern.ch/record/2759072
e Full optical readout /’
« Heterogenous architecture
« 60 TB/s event network
e 7.5 kHz HLT output

L1-Trigger
https://cds.cern.ch/record/2714892
e Tracks in L1-Trigger at 40 MHz

e Particle Flow selection sasd Hish Lovel Trigyes
e 750 kHz L1 output
RSN . 40 MHz data //f

|
Quote from CMS Upgrade project external reviewers:
{ o . |
We want to. hote (afgaln) t|.1at these. pro]e.cts ar.e core/2283185
unprecedented in scale in particle physics, shift various | readout |
T paradigms, and employ technologies that have never °“‘C524 s
ey Ly 2N . . ‘n<2. e | ]
7 Y before been exercised by the field.” ton =3 *
= \\ R y

[= ] R L T e i
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Tracker e http://cds.cern.ch/record/2759074 = A\

o imi e Beam abort & timin
https://cds.cern.ch/record/2272264 CM MIP Timing Detector . Beam-induced back:round
e Si-Strip & Pixels increased granularity https://cds.cern.ch/record/2667167

i s th. e Bunch-by-bunch luminosity:
« Design for tracking in L1-Trigger Precision timing with: _ 1% offline. 2% online
. Extended coverage to n ~ 3.8 « Barrel layer: Crystals + SiPMs .
e Endcap layer:
Low Gain Avalanche Diodes
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Brief summary of the CMS Phase-2 upgrade

it — T ——

DAQ & High-Level Trigger
https://cds.cern.ch/record/2759072 ;

L1-Trigger
https://cds.cern.ch/record/2714892
e Tracks in L1-Trigger at 40 MHz

e Particle Flow selection

e 750 kHz L1 output

e 40 MHz data scouting

S ]
CMS Daks Acqu winition
.-.'IIII,;I Iql1|ll Iri.ﬂrr

CMS Level-1 Trigger
Tavhiadral Cusbga Bijca

Full optical readout
Heterogenous architecture
60 TB/s event network

7.5 kHz HLT output

/ https://cds.cern.ch/record/2283187

detailed overview of the whole CMS Phase-2 upgrade
program presented in the talk by Arnab Purohit

e

Barrel Calorimeters

« ECAL single crystal granularity at L1
trigger
with precise timing for e/y at 30 GeV
« ECAL and HCAL new Back-End boards

\_

- Muon systems

y M i A 'R

. | i AN

Calorimeter Endcap

https://cds.cern.ch/record/2293646 g
e Highly granular |
« 3D showers and precise timing
 Silicon, Scint+SiPM in Pb/W-SS

Focusing on the upgrade of the calorimeters and
challenges in energy and timing measurements!

-
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—

CMS MIP T|m|ng Detector « Beam abort & timing

https://cds.cern.ch/record/2667167 ° Beam-induced background
Precision timing with: e Bunch-by-bunch luminosity:

« Barrel layer: Crystals + SiPMs 1% offline, 2% online
« Endcap layer: e Neutron and mixed-field radiation

Low Gain Avalanche Diodes monitors

Tracker

https://cds.cern.ch/record/2272264
e Si-Strip & Pixels increased granularity
« Design for tracking in L1-Trigger
 Extended coverageton = 3.8
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The only voyage of discovery |[...] consists not in

seeing new landscapes, but in having new eyes.
M. Proust', 1923.

A

Upgrade of CMS Barrel Calorimeters

* Electromagnetic homogenous calorimeter (Phase-2 upgrade)
* Hadronic sampling calorimeter (Phase-|upgrade)
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

2

FE 48
101
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

Addressing crystals longevity:

» Mitigate the transparency loss from the crystals and the energy response linearity
(ECAL barrel crystals will retain 30-50% of the light output at the end of HL-LHC,

sufficient to be kept for Phase-Il)
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

:Q Addressing crystals longevity:

» Mitigate the transparency loss from the crystals and the energy response linearity
(ECAL barrel crystals will retain 30-50% of the light output at the end of HL-LHC,
sufficient to be kept for Phase-Il)
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CMS ECAL Upgrade goals:

Upgrade of CMS ECAL

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

:Q Addressing APDs longevity:
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CMS Preliminary

- Mitigate the increasing radiation-induced noise in APDs (dark currents).
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(n=1.45)

ECAL Barrel

1000 2000 3000 4000

Integrated Luminosity (fb™)
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

EQ Addressing APDs longevity:
= - Mitigate the increasing radiation-induced noise in APDs (dark currents).
LRI IUPEQ).
.. | — 250 CMS Preli?\inary E?AL Barrel
<§L [ =—Ta21§°C (n=1.45)
— - —T=9°C Operating temperature
_8 200 —r=g°c(Runa)-6C(Runs) /" will be lowered* from

18 °C to 9 °C (6 °C).
[additional 10% gain in light yield]

100 Redesigne VFE electronics

to provide signal with
S0

narrower pulse shape.

0 1000 2000 3000 4000 * implies also redesign of several supporting
Integrated Luminosity (fb'1) detector services (cooling, slow control, etc.)
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

/'/r\\\
[ [ [ o /‘HCAL\\
:Q Addressing timing resolution: N
4 >
. . . o o . - g
e —E - * Improve timing resolution for PU mitigation and s I
; < . . . . ) . | / / 7 \,//
L L f = rejection of anomalous (non-scintillation) signal. x_//}  APD
;| Crystal
CMS 13 TeV /
S N P B S o’
L i 1 +2017 .
0.4 o BN s —+-2018 —
- —— -
0.2 __ ....................... ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e ..................... _:
C o2 = (——) +2C° T
L. Aeﬁ{Gn -
0.1-N=46:4i%1:34ns"; " C'=235:4+1:2ps -
- N=47.4:£1.64ns; C=208.6+:1.9ps -
FMN=387t1.02m; L=1196+1.206 | ;
! ! I ! ! | ! I . !
. 200 400 600 800
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

/ g
: . : 'HCAL
:Q Addressing timing resolution: A D a‘f &
: > &
E——r— | * Improve timing resolution for PU mitigation and r~ }‘\\ _t ~
. " . . . . ) . / / 7 ~ r > .\6,
L f - rejection of anomalous (non-scintillation) signal. !__//} Sao S
| — ‘ v // : G;OQ Qlé'

CMS 13 TeV
S L P A AL B UL
050 £ A T W - .
L i 1 +2017 .
0.4 [ BN o —+-2018 -
K — - New VFE electronics to provide:
- T -
0.2 __2 ....... ( ....... )2 ....... 2 02 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,, , ...... e ,,,,,,,,,,,,,,,,,,,,, — I) 1 narrower pulse Shape for'
= ; + : — ]
1 I A "Z'Gn ] o o o o
0.1 ?H‘*i?%?'f}“-'gj“”S“E"' - gggéﬂg - - improved timing resolution
CNZ387£102ns: G- 1198 £ 1 253 s ] [from 180 ps to 30 ps for E = 50 GeV]
0 ! ! I ! ! | ! I !
200 400 600 800 : N
A../G, 2) anomalous signal rejection

efficiency better than 99.9%
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Upgrade of CMS ECAL

CMS ECAL Upgrade goals:

 Maintain the LHC physics performance for photons and electrons also during HL-LHC:
Accommodate requirements on the Level-1 trigger latency and rate, provide more precise timing resolution,
and help mitigate the increasing noise from the photodetectors, and transparency loss from the crystals.

:Q Addressing higher trigger rates:
Tt 2y * Accommodate higher LI trigger rate (from | 10 KHz to 750 KHz) and latency

4 s - (from 4 s to 12.5 ds) with single-crystal trigger information.

Redesign the front-end (FE) and back-end (BE) electronics:
* FE will handle data transmission, clock, and control.
* Full detector readout at 40 MHz with upgraded links.

* Off-detector electronics will accommodate
higher transfer rates and generate trigger primitives
(amplitude & timing reconstruction, anomalous signal flagging)
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Upgrade of CMS ECAL : New Readout Electronics

Redesighed Very Front End (VFE) electronics:
* CAlorimeter Trans-Impedance Amplifier (CATIA) with two gains: x| (low-gain) and x |0 (high-gain)
 Lisbon-Turin ECAL Data Transmission Unit (LITE-DTU) with two |2 bits 160 MHz ADCs

- . Y g b W 4
VFE FE Off-Det
CATIA  LiTE-DTU | | LeGBT
APD 1 e ﬁ 12 bits 2,56 Gbs
PWO i i - ]‘ t0 D 3| ADC1 >—— Digital Data | || -
Crostal I TIA > : < 12 bits Gain /" Transmission —p eLinkin : | |
& Gain 10 ]— - >| ADC?2 >ﬂL Selection Unit ] ] 10.24 Gb/s
APD 2 =t | SerDes [N >
( Temp. Sensor j 12C PLL 4— eClock _
_ (pacs ) | 12c — ' — R |
Injection _
- - Fast Cmd :
1 et 1 § |
New Front End (FE) electronics: New VFE card New FE card

« Data transmission, clock, and control

N

N N/

Master IpGBT ASIC
Control (2.5Gbps)
Readout (10Gbps)
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* LpGBT optical radiation tolerant transmission system

A
Yo

3 x Readout IpGBT
Readout (10Gbps)

//

New off-detector (Off-Det) electronics:

- BCP board with FPGAs handling clock and control
signals distribution, trigger primitives generation,
and high-rate data transmission APDs Pre-Amplifier ADC

Versatile link plus
e Con‘trol link

2\2\?\p\®
YV VYV S
NNNNN
—————

Readout links
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Upgrade of CMS ECAL : New Readout Electronics

Redesighed Very Front End (VFE) electronics:
* CAlorimeter Trans-Impedance Amplifier (CATIA) with two gains: x| (low-gain) and x |0 (high-gain)
 Lisbon-Turin ECAL Data Transmission Unit (LITE-DTU) with two |2 bits 160 MHz ADCs

New Front End (FE) electronics: New VFE card New FE card

« Data transmission, clock, and control

v
\\

Master IpGBT ASIC
Control (2.5Gbps)
Readout (10Gbps)

3 x Readout IpGBT
Readout (10Gbps)
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* LpGBT optical radiation tolerant transmission system

New off-detector (Off-Det) electronics:

- BCP board with FPGAs handling clock and control
signals distribution, trigger primitives generation,
and high-rate data transmission APDs Pre-Amplifier ADC

Versatile link plus
| link
® Con}ro in
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———

Readout links
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Upgrade of CMS ECAL : Testing & validation

H4@CERN electron beam 20 - 250 GeV

Irradiation and ageing tests (with active readout):
- Irradiated one full tower in CMS-like future conditions @CHARM in 2023 =
* Accumulated 24% of HL-LHC dose (in future planned 200% dose @PSI)

Validation at the test-beam campaigns:

+ Technologies validated at five test beam campaigns (2016-2023)
» Test-beam setup in 2023 with all "near-to-final version"” components

CMS ECAL Preliminary Beam Test 2023, H4/SPS
Equivalent energy at HL-LHC start (GeV)

— ,2|0, — ,4|0, , ,6]0, — 18i0, — 1?0 — 12|0 R 5 5 CMS ECAL Preliminary  Beam Test 2023, H4/SPS
K \ : : : : : : ] . WU AL L LR AL R NG LRI N U RO A R
120 _ _______ I'. ______ e e e s _______________ e _ P : : :
- L G : . < [ | R— ; - .
1 Lo - }" W S— - - T A S S N - - ECAL 3x3 ]
No, I Q) . PR T S ]
i \ : ' — o C 1 - ‘ : N S ]
—_ s b teosrsansanny e e e g T T _ B : — = —=6C ]
2o\ Ror i 16 frmpoimegaomnd = e ]
@ y 5 ) - \R N=(13.0+0.3)ns - % r ' N = 0.30 GeV (fixed)
- _ : ] o [ _ pvenn : , 1 —
= ; L | C=(@81+05)ps | = 147 e S = (0.035 + 0.005) GeV? -
-i-?'l 60 :_ x\ ............. .............. ................ .............. ............. _: @ . 12 . 5T ) C _ (064 N 004) o/o ]
) é f | 1% : s o ]
SO T 4 : | ' 1.0 foo | R
: s x___*'"‘
Ve T sk
{5 o (383105) Ps o] S U T TN SR WU N SR S E
} | | at eq. energy of 50GeV Tk ; . | ;
0 b L B L e ST IUTEI [T [TV PYTR PYTUI RPRTL YU IO
0.4
0 200 400: €00 800 10000 12000 14 0 20 40 60 80 100 120 140 160 180

Ebeam (GeV)

Aett _ J 2
" ONGR) (%)
Timing Resolution
better than 40 ps for E > 50 GeV

Energy Resolution
~ | % for energies of H = Yy photons
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Linearity and uniformity
Excellent linearity of response and uniformity of pulse shape
across wide range of energies with new VFE electronics
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Upgrade of CMS HCAL

CMS HCAL Upgrade (during LHC Phase-1):

- Maintain/extend the physics performance for hadrons/jets during LHC Run 3 and HL-LHC:
Mitigate the increasing noise from the photodetectors, and light yield change in the tiles, introduce finer spatial
segmentation with improved timing/energy resolution, extend the possibilities at the Level-1| trigger level.

Upgraded photodetectors:

¢« Hybrid Photo Diodes (HPDs) replaced by Silicon photomultipliers (SiPM)
* Improved photon sensitivity, spectrum resolution, high rad. resistance

Upgraded electronics:
Increased readout granularity (achieving finer longitudinal segmentation)
* Improved L1 trigger performance, with new physics possibilities at L1

~16

15 18 SIS SIS AN IONION ST NGNS\ 431211
FE

18 17 1
19 FEE I
200 T~ :
21T 0
> R HCAL HB
24] T
25[TTHH- HCAL
20T HE
21T -
e s Phase-| upgrade

17 W i

15 M-S I3 SIZN TN OIS NI Y4321 1
F

18 17 1

19 FEE\\M\ N \_\ \\ \\ \\ i \\ \\ \\ \‘ \‘ \‘ I.‘ I‘

20 “\‘.."ﬁ._\'\ \‘ \\\ \\\ \\\ \\\ \\\ \\\ \\\ \\\ \\\ \\\ “\ ‘\\ “'I ‘!l
| 21'--._-‘.“&: T o~ \\ \\ \\ \\ \\ \\ L% \\ AY AY 1 1 1 O
Ly HCAL HB

2T HCAL

2RI - New SlPM sensors
27N Smmem -
281 [T :

17

2017-06-A 29 0
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pgrade of CMS HCAL

CMS HCAL Upgrade (during LHC Phase-1):
- Maintain/extend the physics performance for hadrons/jets during LHC Run 3 and HL-LHC:

Mitigate the increasing noise from

the photodetectors, and light yield change in the tiles, introduce finer spatial

segmentation with improved timing/energy resolution, extend the possibilities at the Level-| trigger level.

Upgraded photodetectors:

15 14 N U3 NJ2 N\ IINJON\NI\N8\7\6\5\4\3\121]1
17 16~ S ¢« Hybrid Photo Diodes (HPDs) replaced by Silicon photomultipliers (SiPM
g
19 o o e o . .
20T * Improved photon sensitivity, spectrum resolution, high rad. resistance
20T
22T v
23““ :: HCAL HB ° ° ° °
2L S Upgraded electronics (+ improved time alighment):
25 TTTH-
26] T4~ . . . . . . .
T HE  Phase-| upgrade Increased readout granularity (achieving finer longitudinal segmentation)
L '  Improved LI trigger performance, with new physics possibilities at LI
CMS  CMS-PRFE-21-001 HF test beam data .
w 09 Energy resolution (HB, HE)
15 14 NU3 NJ2 N IINT0ONI9ON\N8N\N7\6\5\4\3\1211 g - SRl
S ~16 < g g 84.7% o
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24T HHHH HOAL ; Mg L resolution with time alighment
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2T PRI e e I e . .
=y - ; HCAL Endcap will be replaced
2017-06-A 29 0 i .
S with new detector at HL-LHC.
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Pion Energy [GeV]
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The only voyage of discovery |[...] consists not in

seeing new landscapes, but in having new eyes.
M. Proust', 1923.

A

New CMS Endcap Calorimeter

* Requirements & engineering challenges
* Technological developments and expected performance
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New CMS Endcap Calorimeter (HGCAL)

Technical requirements: ST

\E v ﬁ‘ u.‘

» Sustain radiation environment and S/N ratio through full HL-LHC operation.
« Highly granular detector for particle flow reconstruction, pileup suppression.
» Fit within the envelope of today’s CMS Endcap calorimeters.

« Optimized taking into account: cost, efficiency and radiation tolerance.

CMS Endcap Phase-| CMS Endcap Phase-2

Preshower

HCAL ECAL
(CE-H) (CE-E)

\

PM+ETL

i 1
L

Electronics
(25 cm)

ME1 ME1 || MEO, 31 cm
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New CMS Endcap Calorimeter (HGCAL)

Technical requirements:

» Sustain radiation environment and S/N ratio through full HL-LHC operation.
« Highly granular detector for particle flow reconstruction, pileup suppression.
» Fit within the envelope of today’s CMS Endcap calorimeters.

« Optimized taking into account: cost, efficiency and radiation tolerance.

CMS Endcap Phase-|

CMS Endcap Phase-2 | Physics requirements:

* Measure individual showers, characterise jet
(sub-)structure, mitigate PU contamination

Preshower

* Provide also good energy resolution: «
AE/E<|% for photons from H—=yy

* Provide measurements of energy,
HCAL ECAL o . ] .
(CEH) | |/ (CEE) position and time (5D information). «

VBF H = yy + 200 PU

1 - - -
"-g., - -.' . .-.-_ 2 -

F,on

- “'E“

Electronics
(25 cm)

&

7 i ]
1

L & )

ME1
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New CMS Endcap Calorimeter (HGCAL)

Active elements:
- Hexagonal modules based on Si sensors in CE-E and high-radiation regions of CE-H

* Scintillating tiles with on-tile SiPM readout in low-radiation regions of CE-H

* Multiple modules mounted on cooling plates with electronics and absorbers

~2.3 [m]

CMS Endcap Phase-2

Key Parameters:
* Coverage: |.5<|n| <3.0
* Absorbers: Cu, CuW and Pb in CE-E, Steel in CE-H

« Silicon sensors: 6M channels in 26k modules
cover 620 m2 (3x area of CMS tracker)

Tiles: 240k channels in 3.7k boards cover ~370 m?2
Projected power at HL-LHC end: ~125 kW / endcap
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New CMS Endcap Calorimeter (HGCAL)

Active elements:
- Hexagonal modules based on Si sensors in CE-E and high-radiation regions of CE-H

* Scintillating tiles with on-tile SiPM readout in low-radiation regions of CE-H

* Multiple modules mounted on cooling plates with electronics and absorbers

CMS Endcap Phase-2 Engineering challenges:
* High precision / density / mass;

|y * Electronics integrated into each layer;

Warm-cold transition & services integration;

DNl 8 * Insertion tooling, constrained by fixed envelope;
N 2\ - Lower 230t down into the cavern (-100 m underground).
| | —~ — |
.:: \ /7 / I":
| \ AN /
) : |

Complete HGCAL cooling |
system on CMS endcap ! |
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HGCAL Sensors

Active - Silicon: Active - Scintillator (SiPM-on-tile):

* n-in-p pad hexagonal sensors with p-stop cell isolation * Ensure S/N>2.5 for detector lifetime in last |3 layers
» Tiling of the endcap made with 8" hexagonal wafers » LED-based calibration foreseen at startup

» Designed to ensure sufficient S/N for MIP calibration (rely on reconstructed muons throughout lifetime)

- Cost-effective usage of wafer area enabling 600m?2 * In total 240k SiPMs/tiles in 3744 tile-modules

Hexaboard PCB

Hosting the readout chips

Cell sizes from 4 to 30 cm?

Tileboard PCB l
> Hosting the readout chips ‘F?"\ g ’F’B“nr@”m )ﬁa ]} 'ﬁ |
= ; e nd f .
Wrapped Scintillating Tile 4

Reflective foil

W £C~

Metalized Kapton Sheet
CuW BasePlate*

Rigidity, contributes to the absorber material

*PCB baseplate in the hadronic sector > " Silicon Photo Multiplier (Si)

Radiation level comparable Step Hole | | Lower radiation level Calibration with LED
: '5igna| Wirebonds' Bias y°|tage Via iy
to pixel tracker than silicon sector
/HexaBoard L{W\ % | Scintillator
| / Sensor 5 N L R
4 Kapton ) @ - |

- Vg
g
Baseplate Notch 3
! Q
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HGCAL Readout Electronics

HGCROC: ECON-D/T: Engines/Wagons/Off-det:

* Front-end ASIC for charge and  Data packets from HGCROC,
time measurements Zero suppression,

- Sync. control @ 320 MHz, transmission @ 750 KHz
latency up to 12.5 Us, + Select/compress trigger data,

* Transmission to off-det, clock
distribution, fast commands

 Custom FPGA-based boards,
Receive data from VTRX+,

trigger primitives @ 40 MHz transmission every 40 MHz transmit data to central DAQ.
Hexaboards Engines & Wagons Off Detector
1.28Gbps e-links 1.2$ths e-links 10.24 Gbpséoptical links
. : ECONMezz i
sensor | (e o : .
O | | Data Path H ECON_D | : O
| E P IpGBT P VIRX+ «— * Back-End
Trigger Path @ | E C O N-T B "
Control & Timing
STO— F ] 12C TPG & DAQ
. i
LD: 3 HGCROCs / Hexaboard - :
HD: 6 HGCROCs / Hexaboard Rafael [«
Fast Commands + clock (320MHz)
LDO “ bPOL12 linPOL12
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HGCAL Readout Electronics

HGCROC: ECON-D/T: Engines/Wagons/Off-det:

* Front-end ASIC for charge and  Data packets from HGCROC,
time measurements Zero suppression,

- Sync. control @ 320 MHz, transmission @ 750 KHz - Custom FPGA-based boards,

latency up to 2.5 s, » Select/compress trigger data, Receive data from VTRX+,
trigger primitives @ 40 MHz transmission every 40 MHz transmit data to central DAQ.

* Transmission to off-det, clock
distribution, fast commands

Final FE ASIC submitted (in BGA left) Frontend system integration in beam tests in 2023
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HGCAL validation & performance

HGCAL reconstruction:

- Particle showers reconstruction: novel iterative clustering framework that exploits 5D information:

Layer clustering Pattern Recognition : L!nking Wit.h
(CLUE) (CLUES3D) timing, tracking
Reconstructed — p | Layer-clusters RN Tracksters | __and PID \ Particles
Hits (2D) (3D) (5D) Energy estimation
105 for pions based on
¢ : | Dynamic Reduction
5# ‘ Network (DRN)

Performance and validation:

* Algorithms/methods developed using simulation and validated in test beams (e.g. positron/pion response):

Electrons: transv. profile and E resolution

CMS Preliminary e* Test Beam CMS Preliminary e* Test Beam
CGH-.\ i T T T T T T T T T | T T T T [ T T T T '| T T T T ] I 1 T T [ T T T T I T i T i I i T 1 1 | 1 i T i ] 1 i T 1 |
LED joof | e'l' 100 GeV | E + Data Simulation_
= Main CLUE3D trackster 1 i : _
ile Layer s (77 %) - Dat : 5.0, Reconstructed hits —— -¢-- 7]
1 — Layer .7 Xo) - Data | ;
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“10 Layer 15 (14 X;) - Data g 0—
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Muons: efficiency (simulation)
CMS Simulation Preliminary

Pions: energy response

CMS+CALICE preliminary
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Challenges and potential of HL-LHC:

« HL-LHC expected to establish detailed topography of
(the known) particle physics landscape

 Challenging conditions impose important challenges to LHC experiments.

CMS calorimeters for precisions calorimetry and timing:

» CMS detector was designed for precision calorimetry, and calorimeters
performed well @ LHC; HCAL Barrel already upgraded,
ECAL Barrel will be upgraded for Phase-2.

* CMS Endcap calorimeters will be replaced with a cutting-edge
HGCAL detector for Phase-2, aimed at high granularity and

precise timing for particle shower reconstruction.

* Upgraded CMS detector will bring new capabilities and
open new frontiers for the LHC physics program!

If your experiment needs statistics,
you ought to have done a better experiment.

E. Rutherford
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Towards the future: High-Luminosity LHC

From the early discovery machine ... to the Higgs factory and its full discovery potential
LHC HL-LHC

—
1

LS1 13 - 14 Tev B2 14 Tev

13 TeV

energy

Diodes Consolidation

splice consolidation cryolimit LIU Installation HL-LHC

8 TeV : : : . : -
utton collimators interaction inner triplet . .
7 TeV R2E project regions Civil Eng. P1-P5 radiation limit installation

2013 2014 2015 2016 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 Illlllm

ATLAS - CMS 5 to 7.5 x nominal Lum_iJI

experiment upgrade phase 1 ATLAS - CMS —
beam pipes HL upgrade

nominal Lumi 2 x nominal Lule ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi | /_ upgrade
/ integrated 3000 fb™
HL-LHC - essential changes to the machine:

* Reduce B* at ATLAS and CMS. Achieved through new inner triplet made out niobium-tin superconductor.

* High bunch population, requires larger crossing angle. RF crab cavities are used to ensure a head-on collision.

Iron pad

Al shell
Cooling channel crab cavity crab cavity

T T

collision with
crab cavities

Axial red

Titanium
poke

Alignment
pin location

[~ 55 vessel
o
masta
Ny Alignment
Load ke y _ . : location
Bladder
location 510 alignment
collision without
’ crab cavities
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Towards the future: High-Luminosity LHC

From the early discovery machine ... to the Higgs factory and its full discovery potential

LHC

HL-LHC
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1

LS1 EYETS
13 TeV
splice consolidation crvolimit
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Latest new on HL-LHC implementation advancement:

ATLAS - CMS
upgrade phase 1

ALICE - LHCDb

upgrade

) 2 x nominal Lumi

ATLAS - CMS —_

HL upgrade

m integrated ANV R <3
luminosity J:LILIVET 3

* Significant progress on all fronts/tasks (including work on new superconducting magnet technology).

* Main civil engineering completed with only vertical cores remaining to be excavated.

Civil engineering progress

Point 1
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Upgraded detectors @ HL-LHC
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Detectors performance @ HL-LHC

| Jets * '~ MET resolution

Detector performance

S A o S A

§ 2] 1 _' AL L L L é ;‘ I L L B
after Phase=2 upg rades: S F \se14TeV,<p > =200 ATLAS Simulation3 & 120rATLAS Simulation \s=14 TeV, <>=200"
< - ITk Inclined 1 & 1003 ITk Inclined -
o o o o o E— i 0-z=50mm il %‘ B "h]softtrack|<4'0’ lanT|<4'O POWhegPythlatf |
* Effective pileup mitigation 510" Pyias o 3 S of anenm ko7 Ry7>0.1 E
<>.'? - 20<r_'#T <40 GeV ] @ B pT i
o i | E X B e N .
* Overall performance similar s |2 1 Yol —— R
: o 41 2 r . y * ’ 0
or better than during Run 2 10 | —ri<t 5 I E
—1.5<[n|<2.9 - N B
o . - | | | —2.9<n|<3.8 - 20F- E
* Extended capabilities with - o ' : :
. 1072 | ' ' ] ' ‘ PRI IR BN ST AP AP BT BN

new algorithms 06 065 0.7 075 0.8 085 0.9 095 %550 55 60 65 70 75 80
2017-10-30 Efficiency for hard-scatter jets Npy

| Pile-up suppression ‘ B Mass resolution . B-tagging ' LHCb Vertex Locator

> 40 CMS SImUIatlon prellmlnary : 1 3 Tev $ 0_1 L L L L L I L I L B [T rrrrrrd é\ 1 g 0.6 T T T T T | | —
o N ‘ = | ATLAS Simulaton ~ -e-e B® mass 1 B QO - % : i
c_u 35 :_ .......... tteventtraCKs ........................................................... LlCJ B E =14 TeV —e— Run-2 (|BL), <u> =22 | S 8 : ® —@— default VeloPix |
cC C p >0. 9 GeV © 0.08+ Bs— wy, ID/ITk tracks ; —s— [Tk Inclined, (1) = 200 —] o < 0.5 — . —— ThinSil (optimized) ]
O 30 SN BOPUO WNSUUN. NS WIS DO U S SO ﬂl’ ~ ; n® (50x50 pm? pixels, . Q' E - o _
L4 S e HL-LHC BS 3D vix, . PU=140 T ] P " digial clustering for ITk) - 3. - L *e —M— 4xPixel (optimized)
®  opf.... &HL-LHCBS,3Dvtx, PU=200 . . £ i : ’ = 3 0.4 " ) ;
o - =HL-LHC BS, 4D vtx, PU=140 s 0.06[ . ] & i o 0
E C ¥HL-LHC BS 4D vix, PU—200 Z i u i U i ‘ . i
45- 20:_ 4444444444 .............. o .............. .............. .............. . .............. - i . N i 0.3 __ . .. _-
S _ _____________________________ __________ ?.; ________ ‘ _________ . 0.04— Do ] i . “Seeees "
o dF . Sl 2 N | ) ; . .
S b 1 ek ] : 47 ] 0.2F : :
e [ i T i e e i L . S :
:hcz 55_ __________ ____________ ‘ _______ . ______________ _______________ ______________ ______________ " 0.02-_ ..'..li. ':.0.. R + noPU noMTD- 0 1:_ .I. A“A _:
PN S R R gy VY VY - * n %, . = PU=200 no MTD- I L §
O:_A_;*;Iqllylll.lvl |-||i|||||||i||1||||||1| M;],,lllllllM 2 : - PU ZOOWIthMT[) L 'AA»A‘A-‘A-_‘ _
107 g [ | ., o eeemmemy | .

0 0.2 0608 112141618 2 49 5 51 52 53 54 55 56 57 5.¢ R e e e OO 5 A 6

Density (events/mm) m(B) [GeV] b-jet efficiency

P Milenovic, Upgrade of the CMS Calorimeters for the HL-LHC 42 C.S.I. Future Accelerators, Mon-Repos Palace, Corfu, 25th May, 2024



