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ATLAS LAr EM Calorimeter

Sampling calorimeter

with Pb absorbers and active LAr gaps (2mm in barrel,
1.2 - 2.7mm in endcap)

Advantages of liquid argon (LAr) as active
material

linear behavior

stability of the response over time

ideal to understand systematic effects using large statistics of e.g. Z>ee
events and develop corrections

radiation tolerance

Advantages of accordion geometry

it allows a very high n-¢ granularity and longitudinal
segmentation (PS, L1, L2, L3)

it allows for very good hermeticity since HV and signal
cables run only at front and back faces of the detector
it allows for a very high uniformity in ¢

Culkapton electrode

‘ Honeycomb spacer

Stainless-steel-clad
Pb absorber plates

[n]<3.2
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lonized electrons and ions
drift in electric field (2kV for
2mm gaps in barrel) and
induce triangular signal
(=450ns e drift time)
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constant term
c=0.7% in the
central barrel,
extracted value in
agreement with ¢
non-uniformity




What Limits Granularity in ATLAS LAr?

In the ATLAS LAr calorimeter
electrodes have 3 layers that are
glued together (~275um thick)

2 HV layers on the outside

1 signal layer in the middle

- All cells have to be connected
with fine signal traces (2-3mm) to
the edges of the electrodes

Front layer read at inner radius
Middle and back layer read at
outer radius

- limits lateral and longitudinal
granularity

- maximum 3 long. layers
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FCC-hh Detector — Calorimetry
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FCC-hh Calorimetry

FCC-hh detector

Segmentation not yet optimised,

results in ~ 2.5 M che ols.
HCal barrel/extended barrel ‘ rosuits 7 chanmets

|

An 0.025, A 0.025, 10/8 layers

oal

ECal barrel

An = 0.01, Ap = 0.009
~6 layers
goal S,f; ';"7/7 ® 0.7%

Endcaps ECal
An = 0.01, Ap = 0.01, ~6 layers
Forward HCal
An = 0.05, Ap = 0.05, ~6 layers

o o
goe I VE

Forward ECal
Endcaps HCal

An = 0.05, Ap = 0.05, ~6 layers goal ZE = 19% @ 10%
An = 0.025, Ag = 0.025, ~6 layers B y Ly
goal i‘lJ-‘ ﬂ‘l’ b 1%
goal ZE = (50 1,.|.n’.' @ 3% 2 VE
v s < ' i ’ ‘.Baumplpe f \ 2 I.Bcampl;:aa
S 500 [ Tracker S 5ol [ Tracker
g M cryostat 8 M cryostat
€ W Ar EMCal £ E [l LAr EMCal
Roin Bom S 400 [ LAr HCal 3 /40 [ LAr HCal
in az FICOVEIUge. Jicovetage Dose 1 MeV ng fluence | > - <
Unit m m m MGy %10™ cm~? [ Tite Heal [ Tite Heal
“EMB | 175 275 Te<5 Tl <1.67 0.1 5 Wsupport 30 Wsupport
EMEC | 082 096  53<|2|<605 148<|g| <250 1 30 [ shielding [ shielding
EMF | 0062 0065 165<|z|<17.15 2.26 < g <6.0 5000 5000 [ solenoid [ solenoid
HB | 285 4.89 [2]<46 <126  0.006 03
HEB | 35 5 45<[z[<83  0.94< |y <1.81 0.008 03
HEC | 096 1.32 6.05<|2|< 8.3 1.59 < |n| < 2.50 1 20
HF 0.065 0.077 17.15<[2|<18.5 2.29 <|p| <6.0 5000 5000

Reference Detector
Inspired by ATLAS calorimetry:

Excellent conventional
calorimetry
In addition high granularity to
optimize for Particle Flow
techniques, pile-up rejection,
boosted objects....
- ECAL, Hadronic EndCap and
Forward Calo (230X,):
LAr / Pb (Cu)
- HCAL Barrel and Extended
Barrel (210A):
Scintillating tiles / Fe(+Pb)
with SiPM

Other options considered
for ECAL (see CDR)

Digital Si/W
Analog Si/W
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FCC-hh Electromagnetic Calorimeter (ECAL)

FCC-hh Simulation (Geant4)

Electromagnetic calorimeter barrel FCC-hh ion (
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W W " FCC-hh Simulation (Delphes)
&m e Agp = 0.009; 1 _IHI\Flllllll'lllll\\\\‘\Illllvllllllll\\\p\llll_
£ 16 =
. . . . N _ — Am, =13GeV 1
. Compared to ATLAS, FCC-hh Calo needs finer longitudinal and lateral granularity § | =rooTev i =veew ]
. . . 14— 1 =
—  Optimized for particle flow r L=30ab ]
—  8longitudinal compartments, fine lateral granularity 12 ]
—  Granularity: An x Ad = 0.01 x 0.01; first layer An x Ad = 0.0025 x 0.02 = ~2.5M channels A HH— bbyy -
. Possible only with straight multilayer electrodes (no accordion) a Precision on Higgs .
—  Active material LAr 5 self coupling A: E
—  Straight absorbers (Pb + stainless steel sheets), 50° inclined with respect to radial direction 6 SA/A =7% -
— Readout and HV on straight multilayer electrodes (PCBs, 7 layers, 1.2mm thick) 4:_ 201
— > sampling fraction changes with depth f,,.., = 1/7 to 1/4 (LA gap 2 x 1.15mm to 2 x 3.09mm) .................................................................
. Required energy resolution achieved 2 161
—  Sampling term < 10%/VE, only =300 MeV electronics noise despite multilayer electrodes o CLi i i e P L e i) i L L
o . ) . 08 085 09 095 1 105 1.4 115 12
—  Impact of in-time pile-up at <pu>= 1000 of = 1.3GeV pile-up noise K =k b,
—  Efficient in-time pile-up suppression will be crucial (using the tracker) Plots A. Zaborowska, C. Helsens, M. Selvaggi
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How to Achieve High Granularity?

Realize read-out electrodes as multi- R

Iayer PCBs (1.2mm thick) Pi 7
Signal traces (width w,) in dedicated signal L 1]}
layer connected with vias to the signal pads |

e Traces shielded by ground-shields (width w.)
forming 25Q — 50Q transmission lines

*  —> capacitance between shields and signal
pads C; will add to the detector capacitance C; |

« >(C,=C +C,=~100-1000pF -1

*  The higher the granularity the more shields
are necessary = C_, increases

- Serial noise contribution . -
proportional to = I

capacitance C_,,

= 4 - 40MeV noise per . Hadronic showers:
read-out channel assuming | Energy sums over
ATLAS-like electronics 0O(500-10000) cells

Layer 1

E1200F
r

FCC-hh simulation

1200

02040608 1 12141

E2

02704 UGOBi‘?!“ s 02040608 1 12141

PIotsA Zaborowska J. Faltova
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T

FCC-hh Hadronic Calorimeter Barrel (HCAL)

=35 ¥ L L)
o 025 FCC-hh simulation (Geant4) |
Ba rrEI HCAL: \\/? T @ n=0.36, benchmark method .
° ATLAS type SiPM g 02 —s— B=O0T 4\%% ®1.7% .

— Scintillator tiles — steel

* Higher granularity than ATLAS ek
—  AnxAd =0.025 x 0.025 : —— 7/ wa

Wavelength Shifting Fiber /~ —a— B=AT B% g229
' \E

Lead |

§ L /[ 01 !
— 10 instead of 3 longitudinal layers o e i ]
— Steel —> stainless Steel absorber < ’ 0.05 1
(Calorimeters inside magnetic field) = &/ i — 1
. . Ll : o+

*  SiPM readout -> faster, less noise, less [ , : 1

space e w@
10 10° 10*
* Total of 0.3M channels . E,,. [GeV]
Combined pion resolution (w/o tracker!): i T N T e R R
. . . = = Sourcetubes — f = EoALn e E
*  Simple calibration: 44%/VE to 48%/VE o 250008 e E
. . 3.8cm 5 ?—:CEI::LEB —§
Jet resolution: o ' _ e/h ratio very close to 1 T |k 3
* Jetreconstruction impossible without > achieved using steel P 5 o ;
the tracker @ 4T - particle flow. 2000 F E
absorbers and lead Jpsicinn: 4 3
spacers (high Z material) ~4000 F 3

_5000 t 1 1 1 1

-4000 -2000 0 2000 4000
Plots C. NeubUser x of hits [mm]
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Combined Performance for Hadrons

* FCC-hh calorimetry: High granularity of EM and HCal

* - Ideal for particle flow techniques (but not yet
implemented in SW)

* = Which resolution can be achieved with calorimetry only, if
using the full shower-imaging information?
* First results obtained using a convolutional neural network

— Training with 8M events (without electronics noise for the mome
— Excellent results obtained = Sampling term of 37%/VE (!!!)

FCC-hh simulation EMB+HB
100GeV 7 @ 5 = 0.36, topo-cluster 4-2-0 PUO
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Requirements for FCC-ee Calorimetry
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FCC-ee

“CLIC-detector revisited - CLD” “IDEA”

e Calorimetry requirements:
— Excellent jet energy resolution (~30%/VE)
— Particle ID

* - High granularity calorimetry based on
particle flow

— Same technologies as for CLIC/ILC under study
* e.g. Si/W ECAL and Scintillator/Iron HCAL
— On top of that fibre-sampling dual-readout
calorimetry could be a very interesting option
for future leptonic colliders
* Fine transverse granularity

* Need longitudinal segmentation to separate e/y
from ri*! = Idea with fibres of different length

. .
* Excellent hadronic resolution

Preshower

DCH Rout =200 cm

DCHRin = 35cm

lDelcclor height 1100 cm

CalRin = 250 cm

Cal Rout = 450 cm

® Vertex detector: ALICE MAPS
o Tracking: MEG2

© SiPreshower

e Ultra-thin solenoid (2T)

o Calorimeter: DREAM

o Equipped return yoke

Magnet z =+ 300 cm

(simulation ~35%/VE)
— Noble liquid based calorimetry
¢ Calo only: Simulation with DNN calib. for E —— OV BF Galo
LAr ECAL + TileCal HCAL: ~37%/VE digital A Ll
* Fine granularity = particle flow reco with ID ,;l-;)-li‘ ,:EI'_\
[Glcon]| [Bokuaia] [waes | |G | rec |[cew |[ Moo j o
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Requirements for FCC-ee Calorimetry

Dimensions: Example CLD

The inner

* Energy range of particles:
- i S . Table 1.1: Comparison of key parameters of CLD and CLICdet detector models.
All particles £182.5 GeV
: D 22)(0 and 5-71 sufficient izi;sa;fézisf;?:;?:lm is given by the smallest distance of the calorimeter (dodecagon) to
— Measure particles down to 300 MeV (e.g. photons) Concept Clicdel CiD
* - Little material in front of the calorimeter Vertex inner radius [mm] 31 17
. . . Tracker technology Silicon  Silicon
s Low noise (noise term dominant at small Tracker half length [m] 29 22
energies, b << 300 MeV)! Tracker outer radius [m] 1.5 2.1
. . C Inner tracker support cylinder radius [m]  0.5753 0.675
* EM resolution as good as possible (< 15%/VE) ECAL sbsorber woow
ECAL X, 22 22
— e.g. for CLFV tdecays t > py ECAL barrel ., [m] 15 215
° : ~ o) E ECAL barrel Ar [mm)] 202 202
Jet resolution must be excellent (~ 30%/VE) to ECAL ondeap . (] el
separate W and Z decays ECAL endcap Az [mm] 202 202
HCAL ahsorber Fe Fe
* Position resolution of photons: 6, = 0, = (6 AL TS5
TII'.Ir_ In‘ . -
GeV/E @ 2) mm Particle ID: HCAL barrel Ar [mm] 1590 1166
HCAL endeap 2y, 2.4 24
— e*/n*separation, HCALEEaE:E o [[rﬂiu 1590 1166
— Tt decays with collimated final states, separate o peld g&iuslmj 3 N
different decay modes with minimal overlap (e.g. Solenoid length [m] 43 7.4
T, close to %) Overall height [m] 12.9 12.0
Overall length [m] 11.4 10.6
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Could Noble Liquid Calorimetry Work? (1/2)

* Dimensions:
— ECAL: 22X,: = ~60 cm radial space for FCC-hh type LAr/Pb calorimeter (including 15cm cryostat
thickness)
* Could be further reduced to ~45cm by using W instead of Pb
— ECAL+HCAL: 5-7A: = ~1.2 m radial dimension for TileCal (FCC-hh style)
— > Calorimetry within Ar = 1.65m (W ECAL + TileCal) to Ar = 1.8m (Pb ECAL + TileCal).

— > Only slightly bigger than CLD (Arqp = 1.4m) y FCC-hh Simulation (Geantd)
B ll\ll\: T T ITTVTII T T \I\THI T T TIVI\TL

n=0 .

L\ photons

051

vec)

* EM resolution:
— Sampling term of =~ 10%/VE quite easily achievable
— Resolution at low energies dominated by noise term

* Noise term = 300MeV achieved with FCC-hh calorimeter

* Noise term of £ 100 MeV seems possible for low energy deposits
(optimized cluster size, see back-up)

* In addition for large cell capacitances: Could probably gain factor 1.5 A
when going to slower shaping times t > 100 ns (FCC-hh t = 45ns) 0.2r

— To measure down to 300 MeV need to minimize material in front
of the calorimeter = “thin” Al cryostat or carbon fibre cryostat
(R&D program at CERN has been launched, see next slide)

o /E

é AnxAp=0.07x0.17
.
‘.

0.4: AnxA@=0.03x0.07 ]

B —— 100 MeV noise/cluster
0.3-

............ without noise

0.4

111 A ] 1 e o
1 10 10? 10°
E [GeV]
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R&D on Low Mass Composite Cryostats

https://indico.cern.ch/event/743661/contributions/3154180/attachm

See WG4 contribution at EP R&D WS

June 26,

ents/1721546/2781799/20180925 WG4 Detector Mechanics.pdf

| \ "w | ACTIVITY N.1 TASK N.2
LO ‘ A>3 (Ol BOS ITE : CALORIMETERS AND DETECTOR MAGNETS

¥ Cryostat in HEP detector should profit from similar development in aerospace cryotank CHATT CCTD, SpaceX Programs

ST RS WSS TR ARSI se T | w =5 T

ATLAS Clyostat for the barrel calor/meter S SpaceXITS LOX tank

L The tankis made of carbon fibres, it is approximately 12 meters in diameter,

¥ Investigate how to tailor these new processes and materials for HEP cryostat thermal |nsulat|on feed through rad loads 15
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Could Noble Liquid Calorimetry Work? (2/2)

Jet resolution

— Requirement: (~ 30%/VE) to separate W and Z decays
— Calo only: hadron resolution (") achieved in FCC-hh (LAr ECAL + TileCal HCAL):

*  Benchmark reconstruction: ~48%/VE
*  Simulation with DNN calibration ~37%/VE
* - Already close to the required 30%/VE
— Particle flow will further reduce the jet resolution (not simulated yet)

— Future jet energy reconstruction will probably use machine learning to
combine tracker information and full 3D imaging information

Particle ID:

— Fine granularity in n, ¢, depth can be adjusted according to needs (PCB)
— E.g. FCC-hh first calorimeter layer 5mm x 20mm cells (x 9cm depth)
— Similar segmentation of read-out electrode would lead to cell sizes of 2.5mrad

X 2.5mrad for FCC-ee
Position resolution:

—  For FCC-hh achieved o, = 2x103/ VE
— =2 = 4.4mm/VE = ~1mm for 20GeV (2mm for 5GeV) = sufficient

Timing:

— ATLAS LAr: Timing resolution of 150ps achieved for EM showers >30GeV, 65ps

for EM showers 2100GeV

— Possibility to further improve this resolution — studies needed and planned

hidden layer 1 hidden layer 2 hidden layer 3

Tec

(Bo/Binc)

oEm_/< Erec>

018F

0.16 F
0.14
0.12F

0.1F
008 F
006 F
004 F
002F

FCC-hh simulation (Geant4) 3
T @n=0.36 A
—— Benchmark 48%/\E @ 2.2% —

—*— DNN 37%/\E @ 1%
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Towards an FCC-ee Experiment

FCC-hh style calorimeter has been implemented
into FCC-ee Experiment in FCC SW (see next talk) ECAL

First implementation:

— Inner Tracker: DREAM-like drift chamber

— ECAL: FCC-hh style LAr/Pb calorimeter

— HCAL: FCC-hh style Tile calorimeter (Fe absorbers)
— Solenoid coil outside the calorimetry

Options which will be studied

— Inner tracker: Si tracker

— ECAL: W absorbers, LKr as active material

— HCAL: CLD-like HCAL

— Solenoid coil in front of the ECAL, integrated into LAr cryostat
(need thin coil and low-material cryostat)

H2020 Eol has been submitted to study PCB

electrode design

HCAL

Drift
chamber

June 26, 2019
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Conclusions and Outlook

* Noble liquid calorimetry has been successfully used for LHC experiments (ATLAS
LAr Calorimeter)

— Strengths: Stability, pointing resolution, particle ID, radiation hardness
* Noble liquid calorimetry is proposed for the reference detector of FCC-hh

— Simulations show that such a calorimeter would fulfil physics requirements for FCC-hh
* Noble liquid calorimetry is also an interesting option for a FCC-ee experiment!

— Preliminary considerations: such a calorimeter could be feasible and would fulfil
physics requirements for FCC-ee

— Potentially cheaper than other options!

— High stability of response will give us handles to keep systematic errors down (and
develop corrections)

— Layout has been adapted to an FCC-ee experiment
* Noble liguid calorimeter has been implemented into FCC-ee experiment in FCC SW
* > Start full-sim studies and optimization (see next talk by V. Volkl)!

* Please join us if you are interested in this promising option!

June 26, 2019 FCC Week 2019, Brussels — M. Aleksa (CERN)
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LHC EM Calorimeters Requirements

— LHC Calorimeters were designed for benchmark channels: SM precision
measurements, Higgs discovery and measurements, discovery of heavy resonances.

Large dynamic range: 10 MeV — 3TeV (noise level up to highest energy deposits per cell)
- =16bit dynamic range (several gains necessary)

Large dynamic range: 10 MeV — 3TeV (noise level up to highest energy deposits per cell)
-> =16bit dynamic range (several gains necessary)

Energy resol. (e*y): 6/E = 10%/VE @ 0.7% (for H2>yy mass with 1% resolution @ 120GeV)
-> precise mechanics & electronics calibration
Linearity: 0.1 %, 10° around the Z-peak (for W-mass measurement!)

- pre-sampler (correction for dead material), layer weighting, electronics calibration
Fast shaping to optimize signal/noise ratio:
- 40 MHz sampling rate (LHC bunch crossing)
-> Digital filtering for signal reconstruction
Minimal coherent pickup noise (<5% of incoherent noise)

Minimal dead time at Level 1 (L1) 75 — 100 kHz trigger rate and storing of signals during the latency of the L1 trigger of up to 2.5us (100
bunch crossings)

- realized with switch capacitor array of 144 bunch crossings

June 26, 2019 FCC Week 2019, Brussels — M. Aleksa (CERN)



EM Calorimeter: ATLAS — CMS Comparison

ATLAS

Sampling calorimeter (LAr-Pb), 3 longitudinal layers
+ presampler, 173000 channels), E range MIP — TeV

High lateral granularity
—  An=0.0031, A$=0.025

Presampler + 3 longitudinal layers
Radiation resistance
Good energy resolution

Very stable response in time
—  rmsin time =3x10*

— > ideal to understand systematic effects using large
statistics of e.g. Z>ee events and develop corrections!

Outside solenoid field (behind the coil) 2 3 -6 X, in

front of calorimeter

Main correction: dead material correction using
presampler

Strength: background rejection (e.g. m°), stability,
photon vertex measurement (pointing)

CMS

Homogeneous calorimeter (75000 PbWO, crystals
+ PS in forward direction), E range MIP — TeV

High lateral granularity

—  An=Ad=0.0175
No longitudinal segmentation
Radiation resistance
Excellent energy resolution

Response impacted by radiation

—  after laser correction rms =2x103
Inside strong solenoid field = only 0.4 -1.9 X, in
front of calorimeter
Main correction: Laser correction to compensate
impact of radiation

Strength: little material in front, energy resolution

FCC Week 2019, Brussels — M. Aleksa (CERN)



Requirements for FCC-hh Detector

e ID Tracking target: achieve opT/ pr = 10-20% @ 10 TeV Used in Delphes

*  Muons target: 0 / p; = 5% @ 10 TeV physics simulations

* Keep calorimeter constant term as small as possible (and good sampling term)

FCC-hh Simulation
T T T

T -4
0.1~ pF'> 25 GeV — 100 TeV -

- VBF jets n-distr.” ®™ |

— Constant term of <1% for the EM calorimeter and <2-3% for the HCAL

0.08

Low top pr

* High efficiency b-tagging, t-tagging, particle ID!

normalized event rat

0.06F i, ]
r '« VBF Higgs

[ i i i
0.04- ! -
) ]

e High granularity in tracker and calos

.02 ; : ]
L W - 4

* Pseudorapidity (n) coverage: 4

— Precision muon measurement up to |n|<4

sy LHC Bunch.Crossing
— Precision calorimetry up to |n|<6 P Ans Clip
. . . L. ~0:11ns = 0 02n8-0.12ns
* > Achieve all that at a pile-up of 1000! > Granularity & Timing! ESEZE S 2=

-~ S

— e R o
ZoodPns Jns‘@-0.0Sns 0.2ns
~(define to be &0}

* On top of that radiation hardness and stability!
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A Possible FCC-hh Detector — Reference Design for CDR

Barrel ECAL:
oE/Ezlo%/\/EEBOJ%

Tracker: 0,;/p;=20% at Central Magnet:
10TeV (1.5m radius) B=4T, 5m radius

Forward detectors
up ton=6

Barrel HCAL: Muon System:
0./E=50%/VED3% 0,7/P=5% at 10TeV

During last years converged on
reference design for an FCC-hh
experiment

Radiation simulations

Demonstrate in the CDR
document, that an experiment
exploiting the full FCC-hh
physics potential is technically
feasible

- Input for Delphes physics
simulations

Room for other ideas, other
concepts and different
technologies

See FCC CDR Summary
Volumes
— https://indico.cern.ch/event/750953/
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Could Noble Liquid Calorimetry Work?

C

i

C

=1000pF |

cell™

=100pF ]

cell

T(s)

x =15 —_—
Dimensions: - EZ
—  ECAL: 22X,: = ~60 cm radial space for FCC-hh type LAr/Pb calorimeter (including 35x107} Eo 5}
15cm cryostat thickness) qesgoril 5 <
e Could be further reduced to ~45cm by using W instead of Pb ' s
—  ECAL+HCAL: 5-7A: = ~1.2 m radial dimension for TileCal (FCC-hh style) 3 25%107°¢
— - Calorimetry within Ar = 1.65m (W ECAL + TileCal) to Ar = 1.8m (Pb ECAL + TileCal). & , .51t
— = Only slightly bigger than CLD (Ar¢p = 1.4m) R gy POCHH OlTAHOR (Goani ), & . Ceel
yg 0121 glectrons 1 1.5%x107" \4J
~J r Inl=0
© 0.12 & (=0 1.x10°%} Ccell_
. 0_03;' (=200 5.x10-16} —
EM resolution: - T s
—  Sampling term of a = 10%/VE quite easily T\ -7 ' '
achievable oot \ ECC-hh
—  Resolution at low energies dominated by noise e B
termb 002 e TRy .
L e
¢ Noise term b = 300MeV achieved with FCC-hh ol i Rl s s = | X a0 T T T T il e
calorimeter i T een 8 [FCC-hh | g ]
*  Noise term of b < 100 MeV seems possible for low 2 gL Bl oo ronorewe |
energy deposits (optimized cluster size, see back- = " E | Bl oo romoremee |
Up) %12 z 6l -cryo:nilnlmmoﬂEMF bl
* In addition for large cell capacitances: Could z .
probably gain factor 1.5 when going to slower Eﬂm
shaping times t 2 100 ns (FCC-hh t = 45ns) = .
—  To measure down to 300 MeV need to minimize E . . "
material in front of the calorimeter - "thin” Al .
cryostat or carbon fibre cryostat (R&D program at 0 0.5 1 15
Upstream material (Xg)

CERN has been launched, see next slides)
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electronic noise [GeV]

Example: Optimize Noise for FCC-hh Calorimeter

Challenge: Good photon energy resolution down to 300MeV:

— 30% resolution at 300MeV if noise level can be kept below 100MeV

— > Cluster size optimization (only first layers have significant energy
deposits) = less cells per cluster = less electronics noise

FCC-hh Simulation

o T T I T T T ‘ T T T | T T T ‘ T T T | T T T | T L |
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FCC-hh Simulation (Geant4)
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- Only 3.5% of the
energy in layers 5 to 8
(for 300 MeV photon)

Courtesy A. Zaborowska
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