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Starting in 2026 at CERN: High-Luminosity LHC
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=The HL-LHC will provide >5 (x10) instantaneous (integrated) luminosity of LHC
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LHC —> HL-LHC: More activity in the CMS detector

HL-LHC: A lot of activity in the CMS detector

{HL-LHC: O(140) p-p collisions in one bunch crossing|

Nominal 5E34 luminosity “Ultimate” 7.5E34 luminosity

7 Pile-up

* 140 - 200 collisions per bunch crossing >> 3-4x larger than in run 2
> spread over few centimeters
> spread over O(200) ps

RWTH @‘m
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LHC —> HL-LHC: Increased radiation level

Current CMS detectors designed for end of run 3 (300fb-1).

Slgnal degeneratlon durlng HL-LHC
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Constant term ~ 10% after 3000fb -1

=ECAL crystals & HCAL scintillators would suffer from e 6 O
irreparable radiation damage during HL-LHC. 1 - (1829\,)
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=CMS will replace its endcap calorimeters for HL-LHC

Barrel Calorimeter:

Tracker:

Radiation tolerant,

high granularity,

less materials, tracks In
hardware trigger (L1),
coverage up to |n| = 3.8

S New BE/FE electronics,
S ECAL: lower temp.,

HCAL.: partially new scintillator

Muon system:

New electronics
GEM/RPC coverage in
1.5<|n| < 2.4,

investigate muon tagging at

j] higher n

<

Endcap calorimeters:
Coverage 1.5 <Inl < 3.0

ﬂ | “ ' ".w; "ng «\), \ \’E{é’s
% Current endcap |7}
= calorimeter (half) [ (%%
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Endcap calorimeter upgrade proposal

CALI@ - inspired idea
An all-new ‘imaging’ calorimeter with unprecedented readout granularity that offers
robustness and good performance through the full HL-LHC operational lifetime.

Requirements
Radiation tolerance Fine longitudinal granularity

fully preserving the energy resolution after 3000 fb- fine sampling of the shower: good energy resolution,

/ pattern recognition, pile-up discrimination, ...

Dense calorimeter

preserve lateral compactness of showers

< Precision time measurement

g i | high energy showers for pile-up rejection,
i primary vertex identification

Fine lateral granularity ____. Future endcap —~

two shower separation + observation of narrow jets,

minimise pileup contributions in energy & COntribUte tO I—1 (Hardware) trigger

timing measurements

Thorben Quast 13 March 2019 o)



CMS High-Granularity Calorimeter (HGCAL) TDR 2018

Sensor arrangement in the layers

HGCAL = Sampling calorimeter
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HGCal = 3D imaging calorimeter

Simulated VBF H (yy) signatures in the granular endcap calorimeter

VBF H (vy)
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HGCal = 3D imaging calorimeter with timing capabilities

VBF H (yy)

b

— e

¥
—di + 200 PU

4 Layers projected onto one plane
: -no timing cut applled-

Thorben Quast 13 March 2019

=)

Similar concept as
foreseen for

/

10° (- Layers projected onto one plane b, (i
" = . |-require hits within 90ps time window- e g
N T - -t LTI <R e

- a - = . - - - ‘ = ’. J "‘ - -
— =y -.' o A :‘. « = - \-__ - " - -
— - =g - - o~ u b‘;ﬂ &
e W = - \.l " - ~.=5 - hj - = =. l.‘- s
= — = \ B s = --' - A g - - !" .:l. -
[ hms - . - - :M 'Tl -1 .r.-*{-

" - ?-- u “ .--- = lé- - a -

- = — -~ a-.p. -- - - f?- - L
- -~ - — - »
: - - - .-h. - -h = ._ -F--_ - ol -_.J ’
_— me " e® - L = - -_#-“ il * -
[ -
.

Illllllllll

1.8 2

2.2

-

RWTH

lll. Physikalisches
Institut

2.4 26 28 3

L1 1 i

10°

10

10




Design and prototyping

Thorben Quast 13 March 2019 10



Silicon sensors: Radiation hard and fast signals

| eeme—

8” prototype sensor o

Silicon sensors ‘
* For regions with high fluences, HGCAL uses 600m2 of silicon e R,

* Hexagonal wafers to maximise used area (—> minimise costs) Ry e

-
A - = s -
. < - -
~ pu o - i

- .
....
- P w

* Followed HEP standard initially 6” wafers. New baseline: 8” R R R R
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- Operation at -30° C: Reduce increasing bulk leakage current
* Increasing the bias voltage up to -800V to reduce signal loss
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Silicon sensor characterisation: IV and CV

Probe- and switchcard design

Electrical behaviour of silicon sensors crucial for HGCAL powering budget.

spring loaded guard ring
probe card PCB pins contact

= Per-batch sensor tests before module assembly
IV and CV, interpad capacitance and resistance measurement

=Switching and probe-card setup
» Contact all cells via pogo-pin card
« Switch between channels using switching card
» All pads biased while one is tested

* Pro: time efficient (typical IV: ~1hr per wafer)

HGCAL silicon sensor test probe station
O(nA) percell | | £ of the EP-LCD group at CERN
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Silicon modules and cassettes

Silicon modules
e Sandwich of PCB, sensor, biasing layer and baseplate for rigidity/cooling.
m;;sor - Challenge: wire-bonding from PCB onto silicon
g « CE-E baseplates act as absorbers (CuW)
« CE-H: PCB baseplates (good thermal properties and cheaper)

CE-E cassettes

Self-supporting sandwich structures (with absorbers)

* Modules placed on both sides of Cu cooling plate and closed with Pb
plates

Pb absorber
Motherboard§
ASICs —
Module PCB 7
Silicon
CuW baseplate
Cu cooling plate
CuW baseplate

Silicon
Thorben Quast 13 March 2019 13
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Scintillator+SiPM for lower radiation region

~500m2 of scintillator for regions of lower

radiation

* Rely on experience from CALI@ and CMS HCAL upgrade

= Radiation hardness of scintillators & Si-PMs well understood
=(Qverall S/N for MIP remains > 5 after 3000 fb-"

CMS 0 inti I CMS
>50% scintillator signal 0.957 9 -

= o T -1 o

_ _ _ |C AL CI g . Aftor 3000fh- e - S/N > 5 after 3000fb :

SiPM-on-tile deSIQH - 0.9 % = | D=3.5 |R (Best 10 HPD fit S

o | 18 PE/MIP (ESR) e

* 400k SiPMs integrated into the PCB, 085 S _ z

need to be cooled 2000 5 2o =
- readout directly on detector 075§

* more compact and cost-effective 1500 2 1500

‘ 0.7 §

0.65
R&D commitment from DESY || 1000 e 1000

................................... a 06 e
* e.9. validate interplay SiPM - HGCROC o i, -
: B n=J9. '
- e.g. assembly and quality control - 7 B L.
4000 4200 4400 4600 4800 5000 3600 3800 4000 4200 4400 4600 4800 50%9 |
* ... z [mm] z [mm
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HGCAL tile-modules

Arranging scintillator tiles in r- grid  sus«z (109 moauie
R&D commitment from DESY ctd. (top view

With ConStant aZimUthal angle: adapter board for supply voltages,
e g tl e bOar d develOpmen _t \ thref;:I 4-pa|rt\:nnaxcable8. to motherboard indivlildualwires,
o _ ] — _ 2 . sSmall connector small connector
e.q. tile-board characterisation 4 - 32 om*area /tle A S
-9- | | Motherboard | o | @ | o 4 : | ©
(electronically, thermo-mechanically) y SBDEE | EaEy .
’ =) te) T ~ @=) )
HGROCs
o | <l il | = | oo | G
copper plate
1l ¢ i I I
: Mixed cassette in CE-H m| = =/ g © | @ | qaff ¢ © o | @ | nao
New technical challenges — = = 1l .
| = @ | @ - ® | @
* High-speed data transfer Tile-module = /i .
. . tile-board + scintillator|||| | S BN O
» Cooling of SiPMs through | |
) ¢=) & q t) =) )
P C B a a = = o o A & ¢ < & & o Ic\i/ilr;’;gLICeE\[f)vith
* Thermo-mechanical rigidity o Lo [ AT e 1o | o usmmmn
(@) L] L] >
+/_ 40 C m = @ | & | g ! ONEONN™ scintillator tile
- Radiation hardness Ny x 1l
r=1279 crossing cables: dimensions in mm,
Motherboard not in scale!
to BH8x16
zoom out Zzoom In
< >
RWTH
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Longitudinal structure and lateral coverage

] Longitudinal sampling
| m 52 layers for total depth of 10 A
0 - CE-E: 28 fine samplings for 26 Xo/ 1.5 A

CE-H (1): 12 samplings in the first 3.5 A
CE-H (2): 12 samplings in the last 5 A

9096 HA

Main constraint: fit into existing detector endcap —> limited space
S - e.g. air gap in CE-E: limited space, very difficult for electrical
components and connectors

89

Inner/Outer coverage
Best coverage by (currently) 18 variants of hexagonal modules

eeeeeeeeeeeeeee

i: 11: nTnT Twinax Connectors/Cables 3.3 mr&
Silicon Motherboard PCB 1.6 mm WWN\\N
Air 1.5 mm Scintillator 3.0 mm

llllll
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B m @ o
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Towards mass production of detector elements

Automated assembly of silicon prototypes: Automated assembly for CALICE prototypes:
O(100) modules for beam tests 28000 tiles on 158 boards
- _ I _

\ :

Silicon
modules

Scintillator
+SiPM

uoss W R OSF W, <Ll
6” prototype modules assembled by automatic gantry,
previously used for CMS tracker assembly 30 x 30 x 3 mm3tiles, hand-wrapped, placed by automatic gantry

un- Ma-n
.

-
~

Assembly centre ‘development at five locations around the world.
Leading institutes: UCSB (Si) and DESY (Scint.+SiPM)

Thorben Quast 13 March 2019 17 \%
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Front-end electronics are challenging

Front-end electronic requirements:

( ( ]

y
C ncentrator L [
P |<—>| Optical link !<

= About 6k pairs at 10Gbit

HGCROC ASIC both for silicon and SiPMs

L1 decoding logic

]

T Local R/W Control
SH TOT | Frxed htency N Y
Mamsger [ Data
e L = N . L1 Buffer N ero # D:li:)a
Buffer suppress S
@ 40 MHz manager

* Low noise (<2500e) and high dynamic range (0.2fC -10pC) Sensor RS detoctr detectr

* Timing information to tens of picoseconds /\ /\ /\

- Computation of trigger sums ASICs ASICs ASICs

- Buffering to 12.5us L1 latency e \ N — DAQ
* <20mW per channel (cooling limitation) j N

w Trigger

I
I
About 8k pairs at 10Gbit 1
I
I

Panel PCBs

.ir" [+ \\ 2 e L“ POERE L

............ g R S V:
e S I\/Iotherbo;rd&
Linearization ~ e \ 2 \// o
e - . )
TOT;ADC Truncation Trigger ; j'J S
Digital / Trigger Ia\‘\ M ' d ¥ eS
2t

\_ oo B e B
0-suppress
N - —
final ROC submission by 2021!
Thorben Quast 13 March 2019 18 \%
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Trigger objects from HGCAL

300TB/s 2TB/s

—— Trigger cell sums— " 2D clusters per layer (NN) 2053 3D clusters —=;

==, 3 : | |
' : : = Profit from generic boards
: for whole CMS trigger and
..... , | DAQ systems
| i ] :
: :_1_. ll1l 2
E | —— g \ E :“-"E “Serenity” BE board
v a——1 y, ———1 in development
E : 1 ] = ] e : : : e — = /
: -g :* e l #‘-: ‘_e E
- I 14 CE-E layers (O | . t
: O ! : 28 boards =1 e 3 '
21 ] W ==}
oW o : ] ! . : 1
L —— - S sS i  mmm=== '
: l*’ : | S
' S = Q
: e — . . . O D C
BT — ] Time multiplexing S E S
e ! G5 =
| N = =
| : - g — <
S ;O
~40(I) links 24 CE-Hlayers 2304 links 24 boards 288 links | j j
: 40 bit's 20 boards 20 Thit/s 2 Thitis up to 96 links in and out,
rvsesssnssssassnssnssssassnssnsassnssnrnsansnrs Leeeseeseeseeseesessesnesenssnessessesnesnsassnessessenennsassnesnennes) each 16 Gb/s
RWNTH
Thorben Quast 13 March 2019 19 . Physikalisches @




Requirements become features

v Radiation tolerance v Fine longitudinal granularity

fully preserving the energy resolution after 3000 fb- fine sampling of the shower: good energy resolution,

pattern recognition, pile-up discrimination, ...

Y. Dense calorimeter

preserve lateral compactness of showers

v Precision time measurement

I myp i | high energy showers for pile-up rejection,
i primary vertex identification

Future endcap

v Fine lateral granularity —— calorimeter | *~____

two shower separation + observation of narrow jets,
minimise pileup contributions in energy &
timing measurements

v Contribute to L1 (Hardware) trigger

Many engineering challenges not mentioned:
« 2x 250 t detector to assemble and install
 Operation at -30°C will require two-phase CO2 cooling system

RWTH @m
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Does the design meet the expectation?

Thorben Quast 13 March 2019 21



Beam tests of HGCal prototypes since 2016

2016 | = . Akchurin et al 2018 JINST 13 P10023

Main objectives for beam tests:

2017 | First beam tests with Skiroc2-CMS ASIC
»  Technological prototyping of the

detector modules é’

. First experience with a FE ASIC with varcho01s | € DESY
components of the ultimate 3 modules
(HGC)ROC In beam conditions:

ADC, ToT, ToA @ CERN'’s SPS
June 2018 .

»  Physics performance of the CE-E and full GE-E: 28 modules

CE-H silicon / scintillator parts
@ CERN’s SPS
»  Check agreement with simulation October 2018

full prototype: 94 modules

Thorben Quast 13 March 2019 22


http://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10023/pdf

HGCal prototype modules

Modules assembled as glued stack of baseplate,

baseplate g

S
LY

Calibration pads

try, cells

X ’ / . . Skiroc2-CMS ASIC,

6” silicon sensors: 64 ch., 4 chips/module
* n-type, 128 cells «  Developed for CALICE
* 1 cm2 cell-size (Skiroc2) & adjusted for
» depletion: 200 & 300pum HGCal requirements

Thorben Quast 13 March 2019 23

. Si sensor and PCB:

gluing

wire bonding

"\Copper cooling
Voo plate
T X S

R
|

<
< _v-/,.q- &
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HGCal prototype absorbers & mechanics

> material: Pb, W, Cu
> thickness: 5-6 mm
- CE-H-Si:

> material: Fe
> thickness: 4 cm
> weight: O(1000kg)

Hanging file design for
flexible insertion :

20

4 ﬁ
~50

Plaque shielding iron ep.40mm ( A
x 500 x 500mm '.

\

patte levage #1

560mm 420mm

mg\ Plaque coté levage

tube carré 30 x 30mm

Thorben Quast 13 March 2019
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October 2018 - Configuration #2

CE-E

—>

4*42 m, 26 Xo, 1\

<4 70-80 cm, 3—4 A
i few hours!

October 2018 - Configuration #3 CE-H-Si

CE-E

&4

70_80 cm, 3-4 A

RWTH
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Joint beam test efforts with CALI@ - AHCAL

»28-layer GE-E setup

,,,,,,

+12-layer GE-H-Si setup (94 modules)

> 3 configurations tested — -
. ———TT , y E VME readout
> Environmental control = === m/\ ~~~~~
> Delay Wire chambers
, oy NIM crate |
> Threshold Cherenkov counters N lew

7

» MCPs for timing [ caLice 22

g CALI@ B AHCAL \'—.za =2 C B " :

R . - scintillator =

. | scintillat - =
‘Nc;:m |;a o]rv_(vﬂ/ICP =

2 — — a—— S|
A | = e
% B - .

»e, U, hadrons up to 300 GeV

DCS (environment g

~

> Trigger: 2x scintillators in front of CE-E S s i . Contol

+ 1x additional (veto) behind CE-H-Si

= First large-scale test of
0(100) HGGal modules

lll. Physikalisches
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HGCAL = Imaging calorimeter

June 2018 run 407 - event 1:
“150 GeV e“

Thorben Quast 13 March 2019 26



HGCAL = Imaging calorimeter

October 2018 run 517 - event 30:
250 GeV 1"

Thorben Quast 13 March 2019 27



Preliminary beam test results valigate the design

_ | Position resolution for EM showers below 1mm
- i -
£ H 12mm/V12 CERN H22016 _
o ¥ =
© -'.; O Simulation -
3t _
:*":‘ \/  Simulation+DWC resolution :
:““?‘ v Data :
2 __®§~ N. Akchurin et al 2018 JINST 13 P10023 |
R 2 i
i ®~ .....=====::V::::::::::::v:i
1 | S \.@ —_—
— T €D mmmmmmea (A -]
N N T R B R R T D T R T T B T T T
50 100 150 200 250
Electron energy [GeV]

Electromagnetic energy resolution

O/E [%]

Thorben Quast

A Simulation HETB Data, October 2018

CMS work in progress
CERN H2 October 2018

100 200 300

Electron momentum [GeV/c]
13 March 2019

Energy in scint.+SiPM [MIPs]

o o
o o
o o

Energy sum [MIPs]

e-1t separation with HGCal

-

lllllllllllllllllll

0 100

| 150 GeV electron beam

:_ CMS preliminary
. CERN H2 June 2018

| ||||- ! 11|1||||-

[
IIIIlllllllIllllIllllIllllllllllllllIllll

200 300 400 500 600 700 800 900 1000

Number of hits in HGCal

-
o
w

Frequency

—
o
N

—_
o

Si & Scint.+SiPM measurements for hadronic showers

5000

4000

3000

2000

1000

! Il.'.l == | [ FrFilq [ :.h.h.h o AT

300 GeV pion beam
= Work in progress

CERN H2 October 2018

200 300 400

Energy in silicon part [MIPs]

% RWTH
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http://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10023/pdf

Does the design meet the expectation?

- Yes, it does.
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Busy times ahead

« Important progress since the Technical Proposal and ongoing developments since the
Technical Design report

« Next major step: Engineering Design Review due early-2021

« Validation of silicon sensors and SiPMs
« Final version of very front-end ASIC

« Simodules and scintillator tileboards designed

« (Cassettes and mechanics design ready EDR In':g;:t%;n _
e Production starting in 2021 ————————

Now 2021 2023 2025/26
« Challenges ahead towards the

construction of the first large-scale
high granularity calorimeter at colliders

Thorben Quast 13 March 2019 30



Summary

CERN European Organization for Nuclear Research cenn-mc 201 -oz:

4 High Granularity Calorimeter is an imaging PO S K B
calorimeter inspired by CAI.IC

« Harsh radiation environment, high pileup &
occupancy during HL-LHC

« 3D energy & time measurement of particle showers

« Proof-of-concept through extensive prototyping and

beam tests
+  Challenging project in terms of mechanical and i of.ﬂ;e
electrical engineering CMS Endcap Calorimeter

Technical Design Report
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Backup

Skiroc2-CMS designed to provide timing resolution of 50ps

' 2 MCPs for O(10ps) to measurement installed in front of CE-E

Digitised MCP Waveform ‘ waveform analysis for many events
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= [Facilitated: Timing calibration
= Possible: Unbiased measurement of timing resolution
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°°Co, Biagtan 1996 (PS disk)
°°Co, Biagtan 1996 (PVT disk)

eoCo, UMD EJ200PVT-1X2P Goddard -20C (5x1x1 rod)
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A mCo, UMD EJ200PS-1X2P Goddard -20C (rod)
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v °°Co, UMD EJ200PS-1X2P Goddard -20C &warm annealed (rod)

1000

¢ °°Co, UMD EJ200PVT-1X2P Goddard+NIST 23C (rod)

[E ¢ *Co, UMD EJ200PS-1X2P Goddard+NIST 23C (rod)

<> 60Co, UMD EJ200PVT-1X2P NIST -30C &warm annealed (rod)

1 0-2 — CE-H scint @HL-LHC

<> °°Co, UMD EJ200PS-1X2P NIST -30C &warm annealed (rod)
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Scintillator Studies s
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MIP S/N at 3000 fb™

Active R&D area, many experienced groups -
« USA: Fermilab, FSU, NIU, Rochester, TTU, UMD

 Russia and Dubna Member States
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Material selection
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 PVT-based: more expensive, more machine time

CMS

« EJ-208 proposed as baseline S 25001 . < VR@est 10 HPD 1

* Injection-moulded:

MIP S/N at 3000 fb™

2000

 PS-based, less machine time & labour, cost is in _
the mould 1500/

* lower light yield in past experience

1000

 can be used in most of the detector _
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Irradiation Studies o

On the way | l* &7(/%2@’?0%
CASTOR Radiation Facility : 7“9
e 46 fb-1, 6 months S 3 BLM :

 P. De Barbaro, with Dubna, Protvino R NN B e
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- large variety of materials and doses in 2018 S

tested simple

 analysis ongoing, results in spring . '
Reactor-based o N _' | .
. T.Edberg, with UMD, NIU '
 Goddard: cold irradiation (- 20 °C)

* 1.5 Mrad at 0,3 krad/h

* variety of sizes and materials
 NIST

« EV-200 doped with anti-oxidants
* recently, analysis ongoing
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Tileboard Thermal Tests o

Thermal teststand at Fermilab
Mock-up tileboard (DESY): | | - o
»  Full cycle to -30°C v/ Al

« validate SiPM cooling through PCB
using thermal vias

82.9 °C
11.8°C l .lz .0°C
1.3°C . 1.5°C
« heat conductance bottleneck: ...

contact to cooling plate (100 K/W) 7 - S S ¥\ T N\ \ . i

* max increase with load: 2K
* no strong gradients
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Themal Pad of 4x4mm? with " ‘ : _ ‘ ! ‘ ’ LA AT=T "
7 thermal vias, 0.5mm aiam. each. “‘ < » , : 7;----\ | a ) N ¢ = I Heaterson ~ 1 Heaters off
: Vias. 25pm copper walls. 3 ' ‘ " " _ _ wand
uepc BarPed o ase y * ho foam - no screws w:th. Kapton
e with foam - no screws - with Kapton

Solder Paste,

RPad

100um 14 o with foam - with screws - with Kapton i
Themal Conductivity p ; :
FR4 (sum), .
11(;0:1s:1m" RFR4 [] maienal | p [W/mK]
RVia l | copper 360
C ( ) FR4 0.3
gy ?Cu['] Poyimide 0.12
170pm e
- Soder Paste| 60
Polyimid, 50um hpcly[ ] Air 0.026
Air gap 'sum Altmnum 200
1O($m‘1) ; Rair ] Steel 21
: S 12
Cu Healsink Thermal Resistance
ram, Ry =1 (p*A)

T4=-30°C consl,
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