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Advanced Concepts Pilcosecond

hY

Several types of technologies are considered for iPicosecond-TimingFr ont I er O :

U lonization detectors (silicon detectors or gas-based devices)

U Light-based devices (scintillating crystals coupled to SiPMs, Cherenkov absorbers
coupled to photodetectors with amplification, or vacuum devices)

CONVENTIONAL MCP — PMT APPLICATIONS: ATLAS HGTD (CMS ETL)
TIMING WITH LGAD:
BELLE Il TOP:

Quartz bar Spherical
Expansion mirror
prism .
not to scale particle

PANDA ENDCAP

CMS BTL TIMING
WITH LYSO:Ce / SiPMs

BTL LY30 b « 598 rvadont -mh-nr-l—nun( o

Possible
Photon Paths
Photon
Detector

LAPPD TIMING PROJECT: GASEOUS DETECTORS APPLICATIONS:

T e ALICE MPRC TOF: PICOSEC - MICROMEGAS:

window

Radiated Cherenkov Cathode pickup |\~ Sy
Photocathodeon & photon mcmﬁ,es ;
inside of window b Photo-electron \ — =

i 3 from cathode Differential signal to
Pair of micro- front-end electronics
channel plates ———3

Output pulse of

1 107 electrons

RF strip- 2 5 e Anode pickup |
line anode : — electrode

Examples of timing detectors at a level of~ 30 ps for MIPs and ~ 100 ps for single photons



T MING Detectors with a Tew 1

Picosecond-level timing was not the part U RegularPMTsA | ar ge area, € but slow
to over large areas:
. . ] A ultimate time resolution ~ 3.8 ps (single-pixel devices)
Became available through plqngerlng R&D A radiation hardness up to ~ 20 C/cm (HPK, ALD-coated MCP-PMT*®
on LGAD / crystals / precise timing with Si:

Detector Experiment or Maximum rate Maximum Timing resolution
beam test anode charge
dose

[ MRPCpresenly | ALICE | ~SO0Hgom Gmacky) | - | ~OpomackGroseny™ | (4] |
Plan: ~50 kHz/om “(racks) | - | Plan~20pohmck | (4] |
. [ MCPPMT [ Beamwst | - [ - <i0pymek’ | [189] |
V 4D pattern recognition for HL-LHC [ MCPPMT | Lesrtsst | - | - | oipuphown” | 4] |
: o ] 4 [ MCPPMT | PANDABameltest |  10MHgom (asen | 20Cem™ | - [ i |

pile-up rejection: tracking ~ O ( 1 @ NS ) |y Y. SV T N I S N .
- i 3 [ MCPPMT |  TORCHtst | - | 34Cew” |  S0puphown’ | 27 |
& timing detectors ~ O ( 1 PO s )
[ MCPPMT | Bellel | <AMHJMCP (hoton) | - | 80120 psphoion™ | [3) |
A ATLAS HGTD, CMS ETL (LGAD) [ LowganAD |  ATIASest | M0MHgow™ (rack | - | ~34pimackisinglesensor” | [3435] |
; : [ MedimgeinAD |  Beamest | - [ [ <iSpwmk' | 9] |
A CMS BTL (LYSO +SiPM) S PIN diode (o gain) | Beamtest(eleotro) | - | | mpymceve | 31 |
[ SPMT (highgain) | Beamtest—quartzrad | - | <i07neunonvem’ | - Dpomck’ | (8] |
[ SIPMT (ighgoin) | Beamtest-scinttles | - | <107neuwonyem’ | <7Spomack” | [41] |
[ Dimond(aogain) | TOTEM | —3Milgom’ (acks) | - | ~90 poracisinglesensor * | _[36] |
-timi ion i ' [ Micomegas | Beamtest | IO0Hgom (mack) | - |  dpyimck | [313040)
VA ps-timing reconstruction in calorimety [ Micromegas | Lasertest | ~S0kigom’ (asertes) | - | ~76pyphoton

L .
(resolve develop. of hadron showers, W S P

*** Status of the present experiment J V a 6 yalr)@,v 1906 11322

triangulate H A g @rim. vertices)

A CMS HGCAL (Si & Sci.+ SiPMs)
V Radiation hardness: LGAD-sensors,3D-t r enc h S

V TOF and TOP (RICH DIRC) PID A V Large scale applications : system aspects of timing detectors
new DI RC applicmtions (~ 1006s of
& 1 0 & srpeoMIP/pixel) V A5D r ec on space-points/ ms+iming are available at
A both at hadron / lepton colliders each point along the track A LHCb Eol for LS4 is of general

interest across experiments;
V General push for higher luminosity at
LHC, Belle-ll, Panda, Electron-lon Collid. V LAPPD A large-area ps- PID/TOF for hadron/lepton colliders
A Fast timing is needed at colliders, fixed Incom Inc. company started to produce LAPPDs A cost still
target, and neutrino experiments has to be controlled



Basic Principles: Low-Gain Avalanche Detectors (LGAD)

LGADs exploit the avalanche phenomenon of
a reverse-biased p-n junction: Internal gain
(~10) is optimized for high bias (fast

Critical regions of the LGAD design:

collection, reduced trapping), low noise, A Central area (gain region, multiplication
high rate layer)
Uniform electric field, sufficiently high to
LGAD Structure: activate mechanism of impact ionization

A Highly resistive p-type substrate (MEHEgEation)

N - Implant Edge Termination

- Lightly-doped N-type deep diffusion (JTE)
and addition of a field plate

- Allows high electric field in the central r
region since breakdown voltage
VBD(Edge) >> VBD (Central)

\
|

v
P type multiplication layer ¥
N Diffusion (JTE)

P ty'p.e‘(:) substrate P+ electrode ’
Resistivity ~ 10 KQ-cm y. Peri p he ry

- P-spray/stop: counteracts inversion and
cuts off current path

Electric field profile is |y SV - Biased guard ring around the detection
crltllct;all_5|r1f:e tze chadrge . region collects the surface component of
multiplication depends (&)

P P ton(E) = o, e () the current

exponentially on it.




TIMING DETECTORS for ATLAS / CMS Phase-ll Upgrade

ATLAS High Granularity Timing Detector: CMS Endcap Timing Detectors:
Equipped with LGADs (1.3 x 1.3 mm? pads) targetting > 50 ps resolution (rad-hard only viable solution)

QarLAs
s o on vz zwas ]

Active
area
120-640 mm

ATLAS

A High-Granularity Timing Detector
for the ATLAS Phase-ll Upgrade

L Bl i A MIP Timing Detector
. for the CMS Phase-2 Upgrade
Single layer Technical Design Report

Two layers
Two double sided layers in front of Calorimeter endcaps: Two double sided layers in front of Calorimeter endcaps:
Coverage: 2.4 < d < 4.@z™85mh E3yemageR f.64<CH < 3.0 with 0
Post irradiation: 4 fC and 50 ps achieved (high/uniform efficiency) g SMS Phiase Il Priiminary FNAL T8 Feb 2020

HPK 3.1, 1.8x1.3 mm’ low power, -20C .
ETROCO Discriminator output = low power, 20C = P CO I I Ins @

of~=8 s, sracte bk pows; 200 ICHEP2020

= high power, 20C

HGTD Test beam Preliminary 1HC--‘TD Test beam 2019 Preliminary

3x10 ne/cm?, 740V

"

=50%) [ps]

CFD

o (f

Pre irradiation
40-50 ps after
discriminator with
full efficiency

Time Res. (TQT) [ps]

3 4 - 197080604020 02040608 1

15 20 25 30 35
MPYV Collected Charge [fC]

Collected Charge [fC) X [mm]

U LGAD are currently produced by 3 foundries (CNM, FBK, HPK)
U LHCDb is developing a time-tracking device O(100 ps) device, based on 3D trench Si-sensors with
a more uniform field/charge collection, and a goal to withstand fluence of 10*¢ - 10" n,/cm2



JTowards Large Area in Fast Timing GASEOUS DETECITORS

Multi-Gap Resistive Plate Chambers (MRPC):

V ALICE TOF detector (160m?) achieved time res. ~ 60 ps
V New studies with MRPC with 20 gas gaps using a low-resistivity
4 0 0 -thickglass A down to 20 ps time resolution

Signal electrode  Stack of equally-spaced resistive
Cathode 10KV plates with voltage applied to

external surfaces (all internal

plates electrically floating)

(-8 kv) Pickup electrodes on external

*  160pm-MRPC
¥ 140pm-MRPC

surfaces - ( any movement of

charge in any gap induces signal

A 120pm-MRPC

(-6 kV) on external pickup strips)

Time resolution (ps)

(-4 k) Internal plates take correct

voltage - initially due to

electrostatics but kept at
correct voltage by flow of

(-2kv)

I .20. L .25.

Flux (kHz/cm®)

s ~ 25 ps timing resolution (per track)

electrons and positive ions -
feedback principle that dictates
equal gain in all gas gaps

Anode O V

Signal electrode

ﬁwm*“' -~

PICOSEC

Micromegas

Cherenkov radiator + Photocathode + Micromegas'

[ Twzd

Tested in RD51 testbeam July 2021

| < Proareirier
24ps timing
resolution

Planarity
< 10pm

10x10 module
ocfcm

Single pad (2016)
21 cm

httpz:/findico.cern.ch/aveny/1040898/contributionzs /43884127
attachmen:s/2265036/384585 1 /PICOSEC-update-final _pdf

Custom pre-
amp cards
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Radiation Length (X;)

' Main energy loss of high energy photons/electrons in matter
— pair production (g) and bremsstrahlung (e®)
' Can characterize any material by its radiation length X,

— 2 definitions (for electrons and for photons)

X, = length after an electron looses all but 1/e of its energy by Bremsstrahlung
Xy = 7/9 of mean free path length for pair prodution by the photon

.= \Very convienient quantity

— Rather than using thickness, density, material type etc. detector

often expressed as % of X,
— tracking detectors should have X, as low as possible (<< 1 X,)

ATLAS and CMS trackers: 30% - 130% X,

not really ntransparent o, high pr ob:
tracker far before electrons/photons reach calorimeters
Aps@dower o detectors in front of <ca

measured ECAL
energy for such early showers

— calorimeters should have X, as high as possible (typically 20...30 X,)



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets].
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher
materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material Z A {(Z/A) Nuclear * Nuclear @ dE /dz|,;, ® Radiation length©  Density Liquid  Refractive
collision interactior MeV Xo {g/em3} boiling index n
length Ay length A; { ol } {g/em?} {cm} ({g/f} point at ((n — 1)x10°
[g/em®} {g/cm?} 5 for gas) 1atm(K) for gas)

Ha gas 1 1.00794 0.99212 43.3 50.8 (4.103)  61.28 - (731000) [0.0838)[0.0899] [139.2]

Hs liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.2879 866 0.0708 20.39 1.112

Dy 1 2.0140 0.49652 45.7 54.7 (2.052) 1224 724 0.169(0.179]  23.65 1.128 [13§]

He 2 4.002602 0.49968 49.9 65.1 (1.937)  94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —

Be 4 0.012182 0.44384 55.8 75.2 1.594 65.19  35.28 1.848 —

C 6 12.011 0.49954 60.2 36.3 1.745 42.70 188 2.265 ¢ —

Na 7 14.00674 0.49976 61.4 87.8 (1.825)  37.99 471 0.8073[1.250]  77.36 1.205 [298]

0, 8 150004 050002 632 9.0 | (L801) 3424 300 L141[1.428] 0018 1.22 [206]

Fs 9 18.9984032  0.47372 65.5 95.3 (1.675)  32.93  21.85 1.507[1.696]  85.24 [195]

Ne 10 20.1797 0.49555 66.1 96.6 (L.724) 2894  24.0 1.204[0.9005] 27.09 1.092 [67.1]

Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95

Ar 18 39.948 0.45059 76.4 117.2 (1.519) 19.55  14.0 1.396[1.782] 87.28 1.233 [283]

Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 T7.87 —

Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —

Sn 50 118.710 0.42120  100.2 163 1.264 8.82 1.21 7.31 —

Xe 54 13129 0.41130 1028 169 (1.255) 8.48 2.87 2.953[5.858]  165.1 [701]

W T 183.84 0.40250 110.3 185 1.145 6.76 0.35 19.3 —

Pt 78 195.08 0.39984 1133 189.7 1.129 6.54 0.305 21.45 =

Pb 82 207.2 0.39575  116.2 194 1.123 6.37 0.56 11.35 —

U 92 238.0289 0.38651  117.0 199 1082 6.00 =032 ~18.95 =




(/EydE/dt

- shower maximum (peak of energy deposition) slightly energy dependent

r [X ] @ 1 B T I“I IIIII‘I‘ T T T IIIIII T S | IIIEO.20
max 0 1 n 2 - Positrara Lead (7 =82) .
S = 1.0 Tos ~
\ 50 Bremsstrahlung : Nk;n
E_= critical energy where N _:0 o 8
energy loss (lonization) = 8 uill
energy loss (Bremsstrahlung) 05 .
” —0.05
0.125 T 199 1
N ] |7 Positron z
B 30 GeV electron 1 amllilation T el "
0.100 :— incident on iron — 80 ﬂé E OMeV) 1000
L ] -
. O (10 MeV
0.075 |— P ( )
- 7]
1 ¢
ot ERE: transversal shower width  , _ 21 MeV Y
g 1 & given by Moliere radius M 7 0
0.025 — 0, — 20 Z c
i l '.nnonn d
0.000 .-’. 1 1 ] I 1 1 1 1 ‘ 1 1 ] 1 |r 1 ¥ 1 ? 0 .
0 5 . 10. ' 15 20 typlca"y 5 2 XO
t = depth in radiation lengths 8icm
2 A6 cm 2
O(S_loxo) “0OCii
;- ::{:é
E E E E
05 Yo FRosg Fosg
— 4 v y ' } o
= 0 1 2 3 & 5 6 B tix




Electromagnetic Cascades (ll)

Longitudinal profile Transverse profile

Multiple scattering for electrons

Shower profile for
electrons of energy:

k Photons with energies in the region
10, 100, : B ¢ :

| of minimal absorption travel away
from shower axis

C Moliére radius sets transverse
shower size, it gives the average

lateral deflection of critical energy
electrons after traversing 1X,

Transverse shower containment:
75% Eg within 1Ry, 95% within 2Ry, 99% within 3.5Ry,

C Calorimeter granularity !



6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets].
Densities and refractive indices without parentheses or brackets are for solids or liquids, or are for eryogenic liquids at the indicated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodium D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher

materials and properties are given in Ref. 3 and at http://pdg.1bl.gov/AtomicNuclearProperties.

Material Z A (Z/A) Nuclear @| Nuclear | dE /dz|,;, ® Radiation length¢©  Density Liquid  Refractive
collision |interactidn MeV Xo {g/cm3} boiling index n
length Ap| length A { 3 } {g/em?} {cm) ({g/t} point at ((n — 1)x10°
{g/em®}| {g/em?] t for gas) 1atm(K) for gas)

Hs gas 1 1.00794 0.99212 43.3 50.8 (4.103)  61.28 d (731000) (0.0838)[0.0899] [139.2]

Hs liquid 1 1.00794 0.99212 43.3 50.8 4.034 61.289 866 0.0708 20.39 1.112

Dy 1 2.0140 0.49652 45.7 54.7 (2.052) 1224 724 0.169(0.179]  23.65 1.128 [13§]

He 2 4.002602 0.49968 49.9 65.1 (1.937)  94.32 756 0.1249[0.1786] 4.224 1.024 [34.9]

Li 3 6.941 0.43221 54.6 73.4 1.639 82.76 155 0.534 —_

Be 4 9.012182 0.44384 55.8 75.2 1.594 65.19  35.28 1.848 —

C 6 12.011 0.49954 60.2 36.3 1.745 42.70 188 2.265 © —

N2 7 14.00674 0.49976 61.4 87.8 (1.825) 37.99 471 0.8073[1.250]  77.36 1.205 [298]

09 8 15.9994 0.50002 63.2 91.0 (1.801) 3424  30.0 1.141[1.428]  90.18 1.22 [296]

Fy 9 18.0084032  0.47372 65.5 95.3 (1.675) 3293 21.85 1.507[1.696]  85.24 [195]

Ne 10 20.1797 0.49555 66.1 96.6 (L.724) 2894  24.0 1.204[0.9005] 27.09 1.092 [67.1]

Al 13 26.981539 0.48181 70.6 106.4 1.615 24.01 8.9 2.70 —

Si 14 28.0855 0.49848 70.6 106.0 1.664 21.82 9.36 2.33 3.95

Ar 18 39.048 0.45059 76.4 117.2 (1.519) 19.55  14.0 1.396[1.782]  87.28 1.233 [283]

Ti 22 47.867 0.45948 79.9 124.9 1.476 16.17 3.56 4.54 —

Fe 26 55.845 0.46556 82.8 131.9 1.451 13.84 1.76 T7.87 —

Cu 29 63.546 0.45636 85.6 134.9 1.403 12.86 1.43 8.96 —

Ge 32 72.61 0.44071 88.3 140.5 1.371 12.25 2.30 5.323 —

Sn 50  118.710 0.42120  100.2 163 1.264 8.82 1.21 7.31 —

Xe 54 131.20 041130 1028 | 169 (1255) 848 287 2.053(5.858)  165.1 [701]

W 7 183.84 0.40250  110.3 185 1.145 6.76 0.35 19.3 —

Pt 78 195.08 0.39984 1133 189.7 1.129 6.54 0.305 21.45 —

Pb 82 207.2 0.39575  116.2 194 1.123 6.37 0.56 11.35 —_

U 92 238.0289 0.38651  117.0 199 1.082 6.00 ~=0.32 ~18.95 =




Hadron Showers and Nuclear Interaction Length (1)

Interaction of energetic hadrons (charged/neutral) through matter involves nuclear interaction :
excitation and nucleus break up => production of secondary particles + fragment

Nuclear
evaporation

-

Hadronic interaction:
Elastic: B

p + Nucleus — p + Nucleus
Inelastic: Fission
p + Nucleus —
ot + 7~ + 7Y +... + Nucleus*

— Nucleus B + 5p,n,, ..

Nucleus* — Nucleus A + n, p, , ... n 1
— Nuclear fission “ g

Heavy Nucleus (e.g. U) n
\ R4

Incoming
hadron

e

-  C—— 7
lonization loss 3 _ lonization loss

Intranuclear cascade )
(Spallation 1022 s) 4 Intranuclear cascade
Inter- and (Spallation 1022 s)

intranuclear cascade

Internuclear cascade

IGEY 6 ... Hadron showers are much

longer than EM ones i
how much, dependson Z Fe

100GeV =n

A Number of particle produced ~In (E) with
average transverse p of 0.35 GeV/c

A For E > 1 GeV, 0 ~ 0, A%7, with (i,= 35 mb
and independent of particle type * ,p,K, &

A Convenient to introduce the hadronic
nuclear interaction length i mean free
path between nuclear collisions

, A1/3 ,N :Noe_'a

total(inel)

Some numerical values for materials
typical used in hadron calorimeters

N [em] | Xo [em] "\F\
-

79.4 42.2

’ L, and X, in cm

[\

83.7 14.0

16.8 1.76

17.1

10.5

38.1

0 10 20 30 40 5 60 70 80 90 100
4




Electromagnetic vs. Hadronic Showers

* Development of hadronic cascade (shower) by strong interaction of

hadron with nucleus Electromagnetic shower
%{z\i . = Size related to X, (longitudinal) and p,, (transverse)
’ Longitudinal size: 95% length = “20-22 X,
multpiciy = In(E) e Transverse size: 90% in a cylinder of radius of

95% in a cylinder of radius of 2p,

Hadronic shower
® Hadronic showers have two Size related to 4; (longitudinal and transverse)
main components Longitudinal size: 95% length = 6-9 4;

hadronic Transverse size: 95% in a cylinder of radius = 4;

charged hadrons, breaking up of nuclei (binding energy) nuclear fragments, neutrons
— electromagnetic
decay of neutral pions: p°A 2 g100% branching ratio)
% Hadronic and EM energy component usually have different detector
response
— 100 GeV hadronic energy is not 100 GeV EM energy response in detector

— |In general, hadronic showers are characterized by large fluctuations. complications
hadron calorimetry.



Advanced Concepts N CALORII\/IETRY

e (PN

ane 'ﬂ'?fé.ﬂmv{amgqxjgw

Homogeneous crystals (Csl, LYSO):

- Best possible resolution

- Application to PET

Sampling:

- Imaging: Particle Flow Algorithm

- Dream: Dual readout

- Sampling with Crystals, shashlik-type

Dual (or triple) readout, e.g. DREAM (FCC-ee, CePC)
improvement of the energy resolution of hadronic
calorimeters for single hadrons:
Cherenkov light for relativistic (EM) component
Scintillation light for non-relativistic (hadronic)

Particle flow algorithm and imaging calorimeters
(CALICE detectors for ILC, CLIC, CMS HGCAL):
A Precise reconstruction of each particle within

the jet (reduction of HCAL resolution impact)



Calorimeter Concepts: Basic Principles
Two types calorimeter concepts: Homogeneous and Sampling (both EM and HAD)

Sampling calorimeter

Homogeneous calorimeter

Typical absorbers

Some typical materials

Typical detectors

Advantages: Cheap absorber
Optimization of absorber/sensor
Compactness

AdVO\M\EQSQ‘;SI Best energy resolution

Disadvantages: Expensive

Disadvantages: Worse energy resolution due to lower
energy deposition and sampling fluctuations

Used only for electromagnetic calorimeters

CMS PbWO, crystal A EM interaction : Xo ranges ATLAS Liquid Ar

from 13.8 g/cm2 for Fe to 6.0 g/cm2 for U ' ’ \\

Lead Tungstate crystal SIC-78
from China

A Hinteraction: & ranges ’
from 132.1 g/cm2 for Fe to 209 g/cm2 for U

A EM Calorimeters: MANY (15-30) Xo deep
A H Calorimeters: many (5-8) o Heep




Energy Resolution of Electromagnetic Calorimeters

Usually parameterized by a = intrinsic term

: - E) a C
(valid both for homogeneous & sampling a( _ = _
calorimeters & for both electromagnetic E VE SZER E o= COT.IStCLnt term
and hadronic calorimeters) : C = noise term

a : intrinsic resolution or term

Simplified model : Ina there are two components
- Nu_mber of produced ions/e - Signal = Sem + Shaa = f emE + hfrac | g
pairs (or photon) N=E/w =1
- Detectable signal (A E)is~ N fom [10a = Fractions of each component | h
(N quite large) fhad =1 fem Compensanting
e, h = Calibration constants for each part Calorimeter
Nown compensating Compensating
2 g
z. T
c : contribution of electronics noise > >
+ at LHC pile up nEN £
£ o
s E PURE
b : constant term @ -
contains all the imperfection: dead E €
spaces, response variation versus 2 [ s
position (uniformity), time (stability), T el |

temperature, mis-calibration, Signal/GeV (a.u) Signal/GeV (a.u)
radiati on damage, €.



Particle Flow Calorimeters: CALICE Collaboration @@9

Calorimeter for IL.

Development and study of finely segmented / imaging calorimeters (PFA): initially focused on the ILC

PFA Calorimeter PFA Calorimetry A reconstruct every single particle in the event
Average jet composition

60% charged Measured on the tracker, negligible resolution
30% photons (from nt° decay) Measured at ECAL —10-20% /'\"'(E)
0% neutral hadrons (n, K;) Measured at HCAL —60-100% /\/(E)

ECAL
ILD Simulation , ]
: | ENRAPL PFA reconstruction Issues:
R R Y - overlap between showers

digital | el i - complicated topology
—1—| T “on:%/ -separate fiphys

1 1 I it 2T from beam-induced bkg.

o oy, [ CR [ -_MICI’O ' :..' .l -. i i\— Neutral
‘Sllloonl 'Scmtlllatorl MAPS | |sanilaor | RPC || GEM e A E;H

MATURED (CALICE):

| - ; A SiW-ECAL
Example: ILD detector for ILC, proposing CALICE collaboration technologies A SCiW-ECAL
A AHCAL
A DHCAL (sDHCAL)
Active layer silicon scint+SiPM scint+SiPM glass RPC A (Almost) ready for
large-scale prototype
Absorber tungsten tungsten steel steel A Prepare for quick realization

Cell size (emxem) | 0.5%0.5 0.5X4.5 3%3 1%1 of 4-5 years to real detector

ECAL option | ECAL option | HCAL option HCAL option

# layers 30 30 48 48 ADVANCED (beyond CALICE):
A MAPS ECAL
A Dual-readout ECAL
Depth # (Xo/Ae) | 24 Xg 24 Xg 5.5 A, 5.5 Ay A LGAD ECAL (CALICE)
> A Evaluate additional physics
# channels [109] 100 10 8 70 impact to ILC experiment
Total surface 2500 A Needs intensive R&D effort
. 2 to realize as real detector

Readout analog analog analog Semi-dig (2 bits)




Calorimeter Technologies at Glance (Developed for ILC)
OPTICAL BASED SANDWICH CALORIMETERS: SCWW-ECAL

SILICON BASED SANDWICH CALORIMETERS
SI-W ECAL

Narrow showers

Structure 2.8 Structure 1.4
(21 4mm of W plates) (1.4mm of W plates) = Module
» Better separation of particles

in the transverse direction

Structure 4.2
(341 4mm of W plates)

Absorber: Tungsten
Sensor: Silicon

Metal inserts
(interface)

Readout: Pads 5x5 mm? > Compact design

Higgs Factories / Luxe

Calibration

Tungsten: X,=3.5mm, ASIC

PM=9 mm, k=95 mm

ACTIVE ZONE
(18+18 em?)

zD FOR PFA
‘)P'l'n“z“‘“ F | Detector slab (30)
30 Layers
10K Channels
External readout

Mature technology developed by CALICE since years
Adapted also for the CMS HGCAL upgrade calorimeter

CALICE 2006 dats
M

Timing information or ToF capabilities in the
first layers could be achieve bv replacing (Park)
with LGADs “10 ps

OPTICAL BASED SANDWICH CALORIMETERS: AHCAL

Mature technology developed by CALICE since years
Adapted also for the CMS HGCAL upgrade calorimeter

Many technical developments after the first prototype used as a probe of concept

Absorber: Stainless steel (*)

Sensor: Plastic scintillator First prototype
Readout: Tiles (= x = om?)
"SLPM . 1 plane.
Higgs Factores Diferent sizes: ! (\eS'\%“
(*) Tungsten also tested for CLIC 3x3em2 (30x30 cm2 core) o\d‘(\\e

6x6cm2 |12x12 cm2 (external)

New
Developments

‘ o
Single Tile | £

design Individually wrapped
in refective foil

Megatile design

Large scintillator plate

trenches filled with
reflective TiO2

Plate wrapped in
reflective foil

Glued one by one
Light Tightness &
Dead areas between tiles ¥

Easier assembly and no dead areases
Not fully light tight"®

SC= Software Compensation

with optically separated

Absorber: Tungsten
Sensor: Plastic seintillator
Readout: Strips (5 x 45 mm?)
- SiPM
Higgs Factories

Possibiliby of introducin
dedicated timing Layzr(sg

GAS BASED SANDWICH CALORIMETERS

SDHCAL

Absorber: Stainless steel
Sensor: RPC

Readout: PADS 1XLW*
semi-digital Readout
H‘ngs Factories

Hadron Shower
RAW data

Pads with signal above
1% threshold (0.114 pC)
2% threshold (5 pC)

3% threshold (15 pC )

Technology under development by
CALICE since more than 10 years

(5x45 mm2) P (5x5 mm?)

Less readout channels
than SIW-ECAL

Cheaper ‘

(plastic and electronics)

Ghosts ’

Should be eliminated by
double SiPM readout

0 g t bt ens|
¢

'z.%""’v
9y
Aluminum‘.&e

ECAL Basic Unit (EBU)

PCB =

Scintillator strips + Hamamatsu SiPMs
+ SPIROC2E chips
Tungsten-copper alloy (85:15)

&

frame

32 EBU layers ~23 XS
6720 readout channels
192 SPIROC2E chips

Scintillator plane
42 x |5 strips

+ 56.24%/E @251%

2023 SPS H2 AHCAL =*

) 0 0 80
Incident EnlGeV]

=

v
s /
% Nl
~am? 4
J48-50 GRPC

'y

48 layers (-6;)
I em x | cm granularity

3-threshold, 500000 channels

Power-Pulsed
Triggerless DAQ system
Self-supporting mechanical

structure (<500 pum deformation)

144 ASICs= 9216

M.C. Fouz

1pad=1cm?,
X a interpad 0.5 mm
Bottom
channels/im?

At Test Beam

{ Advantage of semi-digital vs digital
| = Multi-threshold improves resqutionJ‘

1%

SDHCAL ~1.3m® prototype

@ CERN

CALICE SDHCAL

H8 runs

* Multi-thr. mode
4 Binary mode

[ Substantial improvement
for energy > 30 GeV

0 2 % 0 % 0 70




CMS High Granularity Calorimeter for Phase Il Endcap Upgrade

CMS endcap region:
A PbWOA4 crystal transmission loss due to radiation damage
A Worsening energy resolution due to increased pileup

V Build a fine segmented @article f | aaloéimeter, ECAL + HCAL
combined.

V Use Si sensors as long as radiation and particle flow requires,
then switch to cheaper scintillator tiles + SiPM (a la CALICE).
(27000 Si-modules, 6M Si-channels, 400000 SiPMs)

A @&ESi, Cu, CuW,Pb absorbers, 28 layers, 25 X0 & ~1.3a-
ACE-H: steel absorbers, 24 layers, ~8.5&

V Sipadsensorsfrom8 0 6 wifferent s2nsor geometries and
thicknesses (300,200,120 em); fluences 2x10*4 - 10%° n,,/cm?

New (combined) CMS HGCAL +

ILC AHCAL test-beam results:
A 28 EM layers, 12 Si-HAD layers,
A 39 Sci-layers from CALICE AHCAL

X 50C
Frergy (MIP)

215 ton endcap,
wfull system at -30C

o
A

o Kap:
P

P - P p—
LA LSEIAN

Tase a0
E beam [Ge\]

Multi-layer measurements of shower signal allows precise ToF
esti mat e -050 psehdsdbdemaehived in Sifor S/N >20



R&D for ALICE FOCAL T MAPS based SIW ECAL

Transverse segmentation

FOCAL (FORWARD CALORIMETER) ALICE

3-4<n<58 FoCal-E detector Si+W:
* 28 Pad layers, 1cm?

* 2 Pixel layers - MAPS (layers 5 & 10)
30x30pum? digital readout

Monolithic Active Pixel Sensors (MAPS) Loagltudinal sepmentar on
with digital readout:

Fine granularity of pixels (better
separation of showers)

1 HG cell

30%30pm?2




