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Disclaimer

» Many interesting and important R&D studies on-going towards future detectors.
» Obviously, cannot cover everything in ~25-30 minutes...

» Focus on a few selected topics (and technology) for the future ee and hh colliders.
= Try to emphasize on some of the “big” trends...

> ltis certainly a personal biased selection. Sorry by advance if your preferred detector/technology is not

discussed in the following... it certainly does NOT mean it won't be used in the future !
(I won't cover in details Dual Readout or LAr calorimeter, all possible future pixel or tracker detectors, scintillators, TPC, ...)

2018 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43

HL-LHC design and R&D Construction
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Outline

» Main detector challenges & concepts
> Si Sensors
» Calorimeters

» A new paradigm: picosecond timing

» Muon system

» Other important aspects
(Mechanics, Electronics,
Trigger, Computing)



Lepton Collider Challenges: Precision

Cf talk G. Hamel de Monchenault

Precision of Higgs boson couplings [%]

12

10}

LHC 3000 b (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent « fit)

LHC 3000 b & ILC 250 GeV, 2000 fb™" (Model Independent EFT fit)

LHC 3000 fo! & ILC 250 GV, 2000 fo*
& ILC 500 GeV, 4000 fb' & 350 GeV, 200 fb™' (Model Independent EFT fit)

S5 (Z?}L?,f;g, ‘ng&f‘,&fmé@g@ 73 gf;ﬁ'c‘o .9/;5}‘@\9,;?{( 7 %

2 Loy e 2,

Collider HL-LHC | ILCysq | CLIC3g, | LEP3549 | CEPCasy FCC-ee

Lumi (ab™") 3 2 0.5 3 5 6.5

Years 25 15 7 6 7 7

0Ty /Ty (%) 50 3.8 6.3 3.6 2.6 2.8 1.6 1.5
Sauzz/ guzz (%) 3.5 0.35 0.80 0.32 025 025] 022 022
Sanww /guww (%) 3.5 1.7 1.3 1.7 1.2 1.3 047 | 046
dgubb/ gubn (%) 8.2 1.8 2.8 1.8 1.3 1.4 | 0.68 | 0.67
SG11ce/ Gtice (%) SM 2.3 6.8 23 1.8 1.8 | 1.23 1.20
0GHge/ IHigg (%) 3.9 2.2 3.8 2.1 14| 17| L03| 089
Sapte/gnrr (%) 6.5 1.9 4.2 1.9 1.4 1.4 | 080 | 0.78
69w/ gupp (%) 5.0 13 n.a. 12 6.2 9.6 8.6 34
Sgryy/ guyy (%) 3.6 6.4 n.a. 6.1 4.7 4.7 38 1.3
Ogmet/gnee (%) 4.2 - - - - - - 3.3
BRyxo (%) SM| <1.8| <30| <16 <12|<12|<11|<10

(sub-)Percent precision on some main Higgs couplings

» Requirements for high precision physics (ex: ILC):

Vertex Resolution at IP < 5 um (for H—bb/cc/tT),

Tracking: o(pT)/pT ) 2.10° GeV',

Jets: o(E)/E ~ 3.5% (>=50 GeV) (for H—invisible)

CMS /4

CMS /40

ATLAS / 2

Lepton colliders:

need (very) high granularity, low mass tracker, Particle Flow optimised calorimeters, ...

¥dJ 99994 woi4



Lepton Colliders detectors concept

Examples from ILC:

ILD

B-field: 3.5 T from Solenoid 5T from Solenoid

Low mass tracker: ~ TPC (central tracking) +Si vertex Full Si
Calorimeters: High-Granular PF-optimized Calorimeters:

Si or Scintillators/W for ECAL, (Semi-)Digital or Analogue HCAL
+ Muons & Forward

= Power-pulsing electronics (~switch off during beam-less time of 200ms).

 Also for CLIC. Not for FCC-ee or CEPC.
= Similar detectors concept for FCC-ee or CLIC (with full Si tracking). But active cooling may be needed
= Radiations, data rate,... much less demanding than pp colliders



Hadron Colliders Challenges (1/)2: Pile-Up

Figure 0.1: Anevent displa}f slmwing reconstructed tracks and vertices of a simulated top—pair
event with additional 140 interactions overlaid for the Phase-1I detector.

> Inpp (future) colliders, instantaneous luminosity will go well beyond initial LHC plans:
= 5x103 for HL-LHC (x2-3 LHC)
= .. up to30x103 for FCC-hh ! (x15 LHC)

» With (in-time) Pile-Up:
=  From 140 to 200 for HL-LHC... (x5 LHC)
= ...t0 800 for HE-LHC or ~1000 for FCC-hh'! (less if bunch spacing reduced to 5 ns) (x25 LHC)

Will put severe constraints on trigger, vertexing, computing/software
and may compromise object reconstruction & physics performance (without proper mitigation)

HL-LHC, FCC-hh:
need (very) high granularity, sophisticated software algorithms and more (timing,...)




Hadron Colliders Challenges (2/2): Radiation damages

3000 fb-1 Absolute Dose map in [Gy] S|mulated with MARS and FLUKA (CMS)

--------

800 | T | ™ R T P T 1e+07
.o .+.'.I;.
700 -'i'*- 4 B 10406
600 100000
500 i~
E 10000 &
©, 400 2
1000
" 300 S
200 100
Pre-Shower + ECAL Endcap |0 E==I[TT1 | 41 (((e 10
atn~3: 1.5 MGy, 10" n/cm? [ === 1

0 200 400 600 800 1000 1200 1400

CMS FLUKA geometry v.3.7.0.0 Z [cm]

> At future hh colliders, detectors will have to sustain unprecedented fluencies:
= Up to 1-2x10'¢ neg/cm-1 at HL-LHC
= ATLAS/CMS undergo major upgrades (tracker and/or calorimeters replacement, faster
electronics, higher bandwidth and granularity for trigger, ...)
= 10 times more at FCC-hh.

Activation of material becomes an issue for maintenance

HL-LHC, FCC-hh:
Need rad-hard detectors (sensitive elements, supporting material, on-board electronics, ...)




Hadron colliders detector concept

» HL-LHC: Major upgrades of ATLAS and CMS detectors > Also major Phase | upgrades of LHCb
= Tracker replacement (granularity increased by factor ~5), (online trigger at 40 MHz, SciFi tracker,
extension to n~4, reduced material budget (/2) VELO upgrade, ...)
= New high granular calorimeter (CMS) and ALICE (online reco with GPU & FPGA,
= Timing detectors ITS: largest and most accurate pixel system,
= Higher bandwidth and granularity at trigger level Muon Forward Tracker, ...)

» FCC-hh concept:

L1 Track Trigger

FCC-hh Simulation
-lll|l||||]Illllllllllllllllll['llllllll-

01— p¥'> 25 GeV —100TeV -

N == 13TeV
0.08(— -

normainzea event rate

0.06F i P o
- VBF Higgs

0.04—

0.02—

- L
-
ollllIA N T NIRRT W SR

0 1 2 3 4 5 6 7 8
n,max
J

Forward angular coverage more and
more essential as E,, increases

Main solenoid (10m, 4T) + forward solenoids (5m, 4T)
Precision Calorimeters & Tracking up to n=4, Efficient Jet Tagging up to n=6
Baseline (for study): ATLAS-like LAr and Tile-Cal (with 10x granularity)

» Depth: >= 30 X0 for ECAL, 12 A for HCAL



“Particle Flow” as driving concept

> Pile-up mitigation, jet substructure, precision physics... results in similar needs for high granular
detectors in the future.

“Particle Flow” paradigm emerging as baseline for future detector design

“low mass” (inside the coil) high granular tracker

High field integral BxR (“effective granularity”) Individual reconstruction of all
«  Separation neutral from charged particles particles bg gpt'mfl use of all
High Granular “imaging” calorimeters Sub-aetectors

« Small Moliere radius (minimize shower overlap)

... coupled to powerful software algorithms for reconstruction, calibration, ...

1D 1I-_I T T | T T T T | T T T T | T T T T I T T T T
[ — Particle Flow (ILD+PandoraPFA) |
It ~—— Particle Flow (confusion term)

8 [T ‘' -—- Calorimeter Only (ILD)
I

o 50 % I\E(GeV) © 3.0 %

PFLow always aiﬂ-
“Wins” UJ"E |III
against £

standard calorimetry [ —— -

I".I
...|...II1I'1...|...|.

0 .
0 100 200 300 400 500
Ee/GeV
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Si Sensors

> Si: widely used in HEP detectors as sensitive medium

= rad-hard, small cell size, good timing resolution, cost decrease thanks to synergy with -electronics industry, ...

& Tracker
1o Y& Micro-Pixel s " Ecc-hh
Silicon Calorimeter iMS CM% ."_D’
N ® Trackersin S : . .
E o TR FERVI ATLASZ | ® Wafer Areas in Chip industries:
o coFl AT @ (
@© ALICE%
T w [ AVIS2 %k ATLAS2
> DELPHI ‘97 D0 @
e CDFe ~MS] &ZEUS ALICECMS  kCMS2 e 8
E ! MARKI : ?arBar * Belle I = $ >
o . CLEO 3 CMS, < & T
A DELPHI, o T 5 o)
01 NA11 ALEPH X Belle  ATLAS e %, O
° 13  DELPHI S % We are stuck in the 90
OPAL % %
oo1  First Si Strips & %
L
4 LEP LHC HL-LHC ILC

0.001
1960 1970 1980 1990 2000 2010 2020 2030 2040

Growing demands for tracker (more and more granular)... but also for calorimeters now !

Widely and massively used in industry (CCD camera, solar cells, ...)
Only one producer validated (HPK) for “large” HEP quantities

11



Si Sensors: Hybrid solution

“Traditional” design of HEP Si pixel/strips detectors (ATLAS, CMS, LHCb, Pads for future calorimeters)

High Voltage

Sensors (high-resistivity Si with pn junction) connected w
to CMOS readout chip via bump or wire bonding techniques i

» Small pixel size achievable (25 pm - 250 pym) v

» Radiation hardness: Current stage of the art (n-in-p or 3D-columns): ~10'% neg/cm?.
= To be pushed further for FCC needs (thinner sensors, ...)

)

g 25 N % n.i_;-l.pl]:zl ('17'06'\7') 1 FZ Silicon Strip Sensors

= L ) b

g E e ® nnp (FZ), 300um, 500V, 23GeV p[1]

—_— E vy 1 o n-in-p (FZ), 300pm, 500V, neutrons [1.2]
mq’ 20E L ode n-ir 1 & ninp (FZ). 300um, 500V, 26MeV p [1]

r : -in-p (FZ). 300pm. 800V, 23GeV p [1] . .
9 F 3 - 1 ; ﬁiiﬁ@z; 300_32. 200V, uem:uuf[l._?] > Bump'bondlng-
‘? 15E 1 ¢ n-in-p (FZ). 300um, 800V, 26MeV p [1] L . .
r 1 o ning . 1700V. 2

23 12 mme D o o e ) = limiting factors for Pixel size,

-~ 10 r 1 2 p-inn(FZ). 300um. 500V, neutrons [1] . .

o f N » Usage of capacitive coupling (CCPD) may
- r """'*'--::-_-__-_-_ ] References: . .

L 5 C [1] G Casse, VERTEX 2008 |mprove thlS

3 [ pin-dFZ 500v) nin-p-Fz (500V) ] (peEE 3, (5056 B . :
R FEETERTEE ST = Cost-driver factor on detector production
S 10 5 105 5 10

i 2 MMoll - 0972009
@, [em]

LHC | sl ([ H1.-LHC

Hybrid sensors provide route to meeting the most extreme performance requirements.
Due to cost they are less attractive for pixel tracking requiring large area coverage. ”
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251m

141m

Si Sensors: CMOS (1)

CMOS: Based on regular process at microelectronics foundries (cheap, large wafer sizes)

Sensors diode and electronics on the same wafer
Thin epitaxial sensors < 50 um with built-in readout electronics, small pixels < 30 x 30 ym?

Monolithic Active Pixels (MAPS): collect electrons through diffusion
« Limitation in radiation tolerance =~ 2 x 103 neg/cm?

 Large integration time =~ us

Depleted-MAPS (HV/HR CMOS)- allow depletion voltage =~ 100 V

« charge collection by drift

« |mproved radiation tolerance =~ 10'° neg/cm?

« Recover integration time of O(ns)

MWELL NMOS PMOS
DICDE TRANSISTOR TRANSISTOR

[ZJL ] 1

<>

[EE’ PWELL

Epitaxial Layer P- L ‘T-
[ h

MAPs CMOS Tower Jazz Techno. (0.18 mm)

Substrate
contact

Combine benefits from hybrid (rad-hard, speed)
with those of MAPS (integration of analogue and
digital logic,lower cost, lower material)

nwell

collection
MO MO NMO PMOS electrode

_ deep nwell collecllon electmde

low dose n-type implant

depletion boundary

o depleted zone
p- epitaxial layer

HV CMOS modified large (left) small (right) collection electrodes

13



Si Sensors: CMOS (2)

» Used for high precision with low material budget and small pixels

« MAPs: Eudet telescope, STAR vertex detector (“ULTIMATE”, first MAPs in HEP!),
ALICE upgrade in LS2 (“ALPIDE”), ...

Good candidate for LC experiments targeting =~ 3 um hit resolution with < 25 um? pixels,
< 0.2% X, per pixel(outer)layer, with power pulsing and airflow cooling

* Depleted-MAPS: HR/HV CMOS:

R&D in full chip integration and capacitive coupling through glue between on sensor preamplification
stage and complex digital chip

Good candidate for CLIC and FCC experiments (improved rad. tol. although not most exposed areas) -
CLIC needs charge sharing for resolution

> State of the art: ALICE ITS 7 layers of MAPs ~ 10 m? with 12.5 Gpix
 Jinner layer each 0.3% X/X0 from 20 to 40 mm
4 outer layers of 1% X/X0 up to 400 mm

» 2 Js peaking time, 100 kHz sparsified binary output (similar to hybrid)

-----------

%
s
-
—
—

To be installed during LS2 (2019-2020)

14






“Imaging” Calorimeters at lepton colliders

» Development of high granular calorimeters mainly organized within CALI‘G{) collaboration for ILC.

> Wide variety of prototypes PFA Calorimeter
demonstrating deep understanding
of detector technologies 5

Y

» |deal devices to tune
shower models (see back-up)

'\ :

N ¥ + ‘ l ‘ l
silicon | |Scintillator Scintillator ’ RPC ‘ GEM ‘ Micro

Si/W ECAL
Analog Sci.+Fe

Similar concepts for CLIC (also adapted to FCC-ee, without power pulsing) 16



SI/W ECAL

Copper sheet

for cooling Cover
_ (EMI shielding)

Power pulsing
circuitry

1ASU=
4 Si PIN diodes

-
PCB
1024 chn. 16 x skiroc2  HV Kapton

Stiffener, Absorber
Carbon fiber + W

Long “slab” recently tested

. R~1 .4m o 900 T LRI O SEEELE Tl
" Wabsorber [ e e :
= Ensure compactness (~20 cm thickness), ~ 7of- = veriwimarn: = Particle Separation
= small Ry, e~ o E
= Sias active medium gl Linearity 2
= for 26 layers: ~2000 m? of S, N W i
= Large SIN 200 5
= Extreme high granularity 100F- E
= (0) 108 channels (vs 10°at LHC !!!) S IR SR RERN S T ;
E®"/GeV | L 10-GeV track 30-GeV track
J B ® CALICE data A CALICE data
a 9 —LHEP ---- LHEP |
. —— QGSP_BERT ---- QGSP_BERT
: : R I TR T
Mature concept, validated with several prototypes Distance between shower axes [mm]

Inspire initial design of CMS HGCAL (see later)

17




» Sandwich calorimeter based on Scintillator tiles (3x3 cm?) readout using Silicon Photomultipliers (SiPM)

Analog HCAL

~8M channels (ILC)

: Front-End ASICs

HCAL Base Unit (HBU)
(144 channels)

absorber structure
(half-sector)

DAQ interface boards
DIF, CALIB, POWER
on Central Interface Board

Sector Corgecting Plates (10cm)

Side-Module
Interface Board

~50%/c(E) achieved in test beam (with software compensation)
SiPM-on-tile concept adapted to CMS HGCAL HCAL part (see later)

18



Semi-Digital HCAL

» Sampling calorimeter (48 layers) based on Gas Resistive Plate Chambers (1x1 cm? pads)

Semi-digital readout (2 bits, 3 thresholds): counts how many and which pads have signal
larger than one of the 3 thresholds

Readout pads
(lcm,x 1cm)

Mylar layer (501) PCB interconnect

PCB (1.2mm)+ASICs(1.7 mm)

A :: ‘.=

:\.3- S

Mylar (175u)

Glass fiber frame (x1.2mm)

Readout ASIC
(Hardroc2, 1.6mm)

Cathode glass (1.1mm)
Ceramic ball spacer (1.2mm) * resistive coating

Anode glass (0.7mm)
+ resistive coating

CALICE SDHCAL E
Multi-thr. mode <=1
A
@ A
L]
2 =
# 3
¢ 4 ]
A 3
o e H6 runs
4 H2runs =
Pl AP S| | | i |
T T 3
(b) B
é 2 B 3
T P
20773074050 60 70 _ 80
B [GEV]

/\ 03 TTTT TTTT TTTT | TTTT | TTTT I TTTT I TTTT | TTTT TT
o — dd
(53

,_,_,9 i CALICE SDHCAL ]

M. & H6 runs 7]
3 0.25— —
8 L i

L o ® Multi-thr. mode —

0.2 A Binary mode -
B t §
0.15— & —
L ¢ R _
= ; —
C r o® ]
0.1 ¢ i i o]
- e i
0.05 B -
_I 111 I | | I 1111 | | | I | | | 1111 | | | I 1111 | 1 I_

0
Epeam [GEV]

=  SDHCAL demonstrated to fulfil criteria of HCAL at linear collider
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(imaging) Calorimetry at pp colliders: CMS High Granular CALorimeter (1)

Radiation, PU, data taking conditions

=> Radically different solutions wrt e+e-:
(FE electronics, mechanics, trigger, timing, ..

)

CMS HGCAL: « 5D » hybrid detector:
= Energy (calorimétrie)
= 3D Position (« tracking »)
= Timing (résolution 50 ps/cell) [see later]

ECAL: 28 layers,

Si+Pb/Cu/W,

7 ‘:

d(JOl'le | GHE S )

38.8

_..t

ot

..

.

TR

159 58

> In the endcap

A,

//////<///////
o

.
i

L0

<

7
Y

A
e

Y

e

»\\\

G,

L OO
G,

s, v

Sl
SN

. i, st

5.

s: 1.5<n<3

b=l

convarto

MEOQ

GE1M

RN

205

274

313.5

Steel HCAL (24 layers):
Full Si (8 layers)
or Mixed Si/ SiPM on tiles
(16 layers)

Plane 4

6M Si Channels (x100 CMS calo), ~600 m? Si, 500m? scintillators 20



(imaging) Calorimetry at pp colliders: CMS High Granular CALorimeter (2)

“There are no show-stoppers; it is all just engineering”

‘HGCAL is perhaps the most challenging engineering project
ever undertaken in particle physics”
~ Services (LV, H, signal, pies) mock-up

“low-power, low-noise, rad-hard,
large dynamic range, good
resolution on time” FE chip

Event 1

15
1o ECAL (blue)
9 ¥ HCAL (green)

-10
-15

Oct 18 Test Beam
with (O) 100 modules

80 GeV electron on 14 double-sided layers (6” Si modules)

High Granularity with E, p and timing becoming real the LHC !
To be installed during LS3 (2024-2026)
Likely the first “imaging” calorimeter in operation
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(picosecond) Timing

Baseline (end) E Simulated Vertices T I I “—___“___7
0.6 3.0 = 2D Reconsiructed Verfices CMS Simulation, <PU>=200
| —e— 4D Reconstruction Vertices
* —+— 4D Tracks
g‘ 04—
" E -
7] w —
= = 02—
- [«}) -
> L
) - T4
o 00—
0,=35-50 mm -
: 02 ﬁé ié% # %
20 -15 -10 -5 0 5 10 15 20 B %
_04 :_I_J__J__l_I_L_J_ I I l ] I Lﬁ).l._l_ A Y l._.J_._J..J_._J.__I__J_l__I_I_l
-15 10 10

z (cm)

» 10-15% vertices merged in space...
» ... could be reduced to ~1% using the timing information (30 ps precision on time-of-flight needed)

Could now be achieved thanks (in particular) to the development of Ultra Fast Silicon Detectors

(especially in high radiation field)

Ex: Low Gain Avalanche Diode ' h-in-p
(LGAD)

n-in-p Si Sensors with
n-in-p amplification through p-implant
below the collection electrode
p (thin layer of doping to produce
p* low controlled multiplication)
cFjitterzN/(d\//dt)ztrise/(S/N)

X
N4~10' Boron/em? P

p++
Traditional Si Sensors LGAD

» Usage of fast timing (both for charged and neutral particles):
« game changer (especially at hadron colliders)
Will take more and more importance in the years to come (4D tracking, ...)
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(MIPs) Timing at HL-LHC

A@AS High Granular Timing Detector (HGTD) CMS MIPs Timing Detector

EXPERIMENT

*ls ‘
MBTS threaded holes to MTD d I g 1 BARREL
2 double-si be used for HGTD holting eS I n Ove rVI eW TK/ECAL interface ~ 25 mm thick
uble-sided layers of on the Lar EC wall Surface _

LGADs & ASICs and
ipheral electronics

peri

- Radiation level ~2 N /‘cm
CMS./ Sensors: LYSO crystals +SIPMs

>

v =
e gmj’]

ENDCAPS

Onthe CEnose  ~ 42 mm thick
Surface ~12m?

Radiation level ~ 2x10% n, /cm
Sensors: Si with internal gam (LGAD)

20mm Moderator
outside the HGTD Vessel

2= 4 /
oderator inside ack.coer 5 -
the HGTD Vessel
i

> 2 layers of LGAD (2.4<n<4), in front Calo endcaps [N et eat e R s

e MIP sensitivity with time resolution of ~30 ps

u 13 X 13 mm2 pIXG|S (35M Channe|S) e Hermetic coverage for |n|<3
= 2 (3) hits per track for R>(<) 320mm (average) > Barrel (n <1.5) LYSO:Ce crystal+SiPM

1.1

G BTLAS IS Fdinhary —— ony 1 1°E Ry = Inside tracker volume
P St MeHGTD WorsCose £ Free TR R e

-2 VHGTD : Fi N I T .

Dt I B SR : > Endcaps (1.5<n<3) : 1 layer of LGAD
09k 5 2 T, .

—e— ITk+HGTD : Initial
—t———_

N s Smsaon Py = 1x1.3 mm?pixels (1.8 M channels)
g S ;‘ggiégj}j;; SW BT = Infront of HGCAL

07 . E
: . 1

06F e

¢ ] 10

0 Co v b v b v b b v b by 00
50 0.5 1 1.5 2 2.5 3 3.5 85 09 ol
Pileup density [vertices/mm] Edficiency for hard-scatter jets

a) Jets with 30 < pr < 50 GeV.

Resolution of 30-40 ps (after |rrad|at|on) LGAD Rad. Hard up to 2.10" neg/cm? (10 times less for LYSO+SiPM)
Clock distribution: Need 10-15 ps in order not to spoil the performance of the detectors... 24



(picosecond) Timing... for showers !

Calorimeters can also provide precise timing for neutrals to determine y’s origin in
conjunction with vertex timing to mitigate PU in Jets-ID, MET resolution or Lepton Isolation

» Examples at HL-LHC:
=  CMS ECAL with PbWO, crystals + APDs + new FE can provide = 30 ps for 30 GeV vy

= CMS HGCAL Sampling calorimeters benefit from large number of layers to provide 30 ps for few
GeV Photons and good efficiency for hadrons above 2 GeV Pt.
« Limitation in S/N is in electronics noise (pad size capacitance)

H—yy vertex finding (4D Tracking+calo timing) .
CMS Simulation <i> = 20 . CMS HGC Si-pads :

’J)\ Simulated Vertices T T I T T T I T T T I — o
cC 3D Reconstructed Vertices N ac' 5“ -tﬁ) A
e o 4DR Vertices 7 —_ 1= 8 @g¢
+ 0.6 1+ wracks ] LN N V2 2ex
——=—— Leading Photon Vertex Hypotheses 1 =-1.26 ] = D 1133 wm: A= 1.00:60.01,C=0.009+0.001
——8——  Sub-leading Photon Vertex Hypotheses 1 = -0.66 n - e T Si 133 :m: m‘y ;:ul;e‘sir:1u_la;ion_ )
- — 5 :
0.4} | = 51211 pm: A=1.06+0.02,C=0.008+0.001
R — © B sessmenceees 8211 um: toy pulse simulation
- — - ——&—— B5i285 pm: A=1.110.02,C=0.010+0.001
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Gaseous Tracking detectors & Muons

Besides “traditional” gaseous techniques, wire detectors (DTs, CSCs, MDT,..

a newer technology is mature: Micro Pattern Gas Detectors (GEM, MicroMegas, uRWell, ...) for higher rates:

.) and RPCs for low rates/granularity

» MPGDs provide:

Fine position resolution (<100 um),
Good timing resolution (< 10 ns),

High Rate capability (>10"7 counts/mm)
Excellent radiation hardness

Can be mass produced by industry

MicroMegas

> MPGDs:
widely used for LHC Upgrades: GEM (CMS forward chambers, ALICE TPC, current LHCb),
MicroMegas and Thin Gap Chambers (ATLAS forward chambers), ...

Also good candidates for future colliders

Well pitch: 140 pm
Well diameter: 70-50 ym
Copper top layer Copper dot Kapton thickness: 50 um

New Small Wheel (1.3<n<2.7) M-Resistive- V\Wekdeagn
(MM+TGCs)
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Mechanics & Cooling

» Future detector mechanics has to cope with large range of demands:
Provide high dimensional and dynamic stability
Radiation hardness

Minimal material budget: X/X, < 0.1% per tracker layer for Lepton colliders!

R&D on new material:

= Carbone nano-tube or Graphene used to enhance composite thermal and mechanical properties,
= Resins with better radiation resistance,

= 3D printing (metal, ceramics, polymer)

ALICE ITS

High Modulus
fibres

\  bigh Thermal
Conductive fibres
Polyimide

; Voo ny 4T AY
(LT L i
AT ATAT AT N K

Provide cooling and thermal stability pipes

Needed to dissipate power and mitigate leakage currents in radiative environment.
Two-phase CO2 current state-of-the art (LHCb VELO, ATLAS IBL,
ATLAS&CMS Phase Il Trackers, ...).

LHCb micro-channel cooling

R&D on CO2/N20 mixture to go below ~-40° S s

Hybrid 320 pm

Also: g-channels embedded within thin Si plates
to further minimize material budget




(Front-End) Electronics

More complex and granular detectors inevitably lead to more and more stringent requirements on Front-end ASICs.

Ex: HGROC (for CMS HGCAL)
= Large dynamic range (0.4 fC ->10 pC) | <
= Low noise (MIPs sensitivity) > "
= Low power (~10 mW / channel) -

= Radiation-hard e

= Time resolution (50 ps/cell) +t

= High-level integration \ = ) L e | e
| A Tigger path |

» Deeper submicron technologies: 0.35 um Si/Ge widely used at LHC — TSMC 130 nm (HL-LHC calorimeters), 65 nm (HL-LHC pixels)
* Increase digital functionalities,

 lower pixel sizes (50x50 um? for RD53 pixel ASIC), I stuttering ) chip ntroduction
. .. @ Transistors per chip, ‘000 @ Clock speed (max), MHz @ Thermal design power*, w dates, selected
* reduce power consumption (digital part), — 1500m 1300
. . . ransistors bought per$, m entium 4 Xeon | |Core 2 Duo
 improve radiation tolerance (up to 500 MRads for 65nm) 20 0.25um Log s
5 | Pentium I11 107
= 28nm ? Radiation hardness tests started. ; [Pentu 35 UM
. Y s 10°
Candidate for FCC-hh ? 200204 06 08 10 12 15
o & 10°
= Any interest in going below 28 nm (FInFETS) ?? L]
um
Alice SPD chip RD-53 chip
1999 2017
19‘7‘0‘ I 7‘5 o BOI - 8I5I - QIO - 9‘5 - 20‘00‘ - 05’ o lIO I I 1I5 o
Sources: Intel; press reports; Bob Colwell; Linley Group; IB Consulting; The Economist *Maximum safe power consumption
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(some) Challenges for Trigger / DAQ

= More granular detectors (calo, tracker)
= Physics range (“from EW to TeV scale)

= More complex events (PU<=>high multiplicity), }

Challenges for future trigger system

(both hardware & software parts)

> Example of requirements for HL-LHC (ATLAS & CMS)

L1 latency: 2.5-3.2 us — 10-12.5 ps (x4 LHC)

Readout rate: 100 kHz — 750-1000 kHz (~x10 LHC)
Overall throughput: 2 Tb/s — 50 Tb/s (~x25 LHC)

Rate to permanent storage: 1kHz — 7.5-10 kHz (~x10 LHC)

> Benefits from commercial progress in FPGA, bandwidth/high speed links (up to 25 Gb/s?), ATCA crates, ...

> Flexibility and Scalability are the keys !
Ideally (?): read ~full detector -> send everything out -> use complex & powerful algorithms for trigger

decisions

 Limited by data output (FCC-hh: 1-2 PB/s !!l) and number/speed of (optical) links (ie, cost !).
In practice, compromise between data reduction (compression, cells merging, ...) and loss of information
 Process on FPGA: re-programmable <=> adaptation to new data taking conditions

> “Triggerless” LHCb architecture?

What are the consequences on on-line computing ?

» Software trigger with GPU ?

Demonstrated by ALICE for track reconstruction
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(some) Challenges for Computing & Software

Large Si detectors and cameras with growing granularity are driving us to
large computing, data handling & software challenges.

HL-LHC: x3 CPU, x6 Storage

= ——— wrt LHC (with ~flat budget) —

SKA Phase 1 -

2023 8 100~ ... what about FCC-hh ?? .
~300 PB/year — - — .
science data EC)D - ATLAS Prellmlnal'y - =

L 80 -
~ - = Resource needs .

Google — - (2017 Computing model) .

Internet archive w - n i

~15 EB ~ 8 ol — Flat budget model ]

= HL-LHC — 2026 = {+20%Eyeal‘]
~600 PB Raw data a3 '
g L -
T 40f N
\ D Aun 2 tun 3 Aum 4
| o -
SKA Phase 2 = mid-2020's HL-LHC - 2026 © 20—

~1 EB science data ~1 EB Physics data L

ITI IIIIIIIII L1 lll
2020 2022 2024 2026 2028

2018

Simple scaling of current architecture/ways to work won’t work. New ideas & strategy needed! Year
> Lots of R&D:
= Computing:

 Rise of heterogeneous hardware: many-core CPU’s, acceleration (GPU, FPGA, ARM?), usage of
opportunistic resources (commercial clouds), ...
 Reconcile the split between HPC() and HTC(™) ecosystems ?
* ... quantum computing?
= Storage: main issue. Data compression, slimming, ..., “data lakes”, grow usage of tapes ?
= Simulation: adapt to new (vectorised?) computing architecture, develop fast sim., GANSs...
= Machine Learning: Deep Learning revolution... comes with heavy computational demands !

Bunndwod indybnouy YbiH (,,)
1ndwo?n) souewlopad YoIH (,)

w Bul

—



Summary / Outlook

» Only scratched the surface of all future detectors/technologies (challenges, R&D, achievements, ...)

> Try to highlight some of the new paradigms emerging for future detectors:
High granularity (for precision in e+e-, for pile-up & radiation at in pp)
Particle Flow as driving concept for detector design

(Ultra-)Fast timing

» Frontier becoming less clear:
Between detector functionalities when going to 4D tracking / 5D devices (E, x, Y, z, 1)

Between on-line / off-line

From M. Stanitizki

22/0ct/2018

(inter-)Irrigation of the various R&D programs
very important (and effective!)

French groups strongly involved in these (r-)evolutions, with leadership in key areas
(imaging calorimeters, micro-electronics, CMOS pixels, ...)
But threatened by loss of expertise / lack of recruitments
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Past, present and future Colliders

>0° ) FCC-hh
8 E ) SppC
o
O () HE-LHC
10° = " M
- @ LHC13 HL-LHC o
L -
- LHC8 FCC-eh | =
o T T I §
3| evatron :
10 = Tevatron | HL-LHeC HE-LHeC g:
- o g
| ® i N
O® cuc O e
- HERAlg HERAI CEPC ILC  FCC-ee
102 = o LEP II
~  SLC.LEPI
1 | - | 11 L1 ] L1 1 | I 11 11 | I 1 L1 ] [ l 1 1 1

1980 1990 2000 2010 2020 2030 2040 2050
Year

Figure 3: Past and present projects of pp or pp (red symbols), ep (green symbols) and e*e~ (blue symbols)
colliders at the energy frontier since around 1990 indicating the (tentative) start of operation and the centre-
of-mass energy. Full bullets represent projects that either have been completed, that are currently running or
for which a TDR is a available. Projects represented by open circles are in the CDR or pre-CDR phase



Scintillators

Scintillators e

Large and fast signals, can provide good timing precision
* PVT and Plastic scintillators
* Cheap, but rad. tol. limited to < 500’s kRads (for = 50% signal), aging depends on
several parameters including dose rates, operation environment... difficult to
predict - needs long irradiation test

o) E
» Crystals SES e B0 g
* LYSO:CE (commercial) rad. tol. ~100MRad g,of B SRt L
* Developments for less expensive crystals 8 ; 3
(ex GAGG:Ce,Mg) also in form of fibers...  § T g == ]
* Read-out 107} //(“ Eggggég;:
«  WLS (fibers, liquid scintillator, Cerenkov...) - .| “manos® ot e i

clear fiber - also radiation tolerance issues - o' 10° 107 100 1 10 10 10°
. . e Dose rate (krad/hr)
large light loss in interfaces (complex Plastic scintillator response « exp-d/D

monitoring/calibration ) (d total dose - D dose constant)

* SiPM provide best performance for photon
conversion and can be directly mounted
on scintillators, rad. tol. limited to =~ 104
neg/cm? (at low operating temperature -
35°) - R&D in large area, new materials, |\
higher PDE, packaging (for cost) = CALICE=3x3cm2 tile concept for CMS HGC




Hadron Colliders main Parameters

parameter unit LHC | HL-LHC | HE-LHC | FCC-hh
Eom TeV 14 14 27 100
circumference km 26.7 26.7 26.7 97.8
peak L 1034cm 251 1 5 25 30
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [ L ab~! 0.3 3 10 30
Tinel mb 85 89 91 108
Otot mb 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.9
peak pp collision rate GHz 0.85 4.25 22.8 32.4
peak av. PU events/BC 27 135 721 997
rms luminous region o, mm 45 b7 a7 49
line PU density mm ! 0.2 0.9 5] 8.1
time PU density ps~1 0.1 0.28 1.51 2.43
dNCh/dnl??=0 7 7 8 9.6
charged tracks per collision Ngp, 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pr> GeV/c 0.6 0.6 0.7 0.76
bending radius for <pr> at B=4T cm 50 50 o8 63
number of pp collisions 10¢ 2.6 25 90 324
charged part. flux at 2.5cm est.(FLUKA) | GHzcm™ 2 0.2 0.8 4.6 8 (12)
1MeV-neq fluence at 2.5cm est.(FLUKA) 10 cm—2 0.5 4.5 19 80 (60)
total ionizing dose at 2.5cm est.(FLUKA) MGy 1.5 15 60 254 (400)
dE/dn|,=s5 GeV 670
dP/dn|n=5 kW 3.4
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ATLAS & CM

S at HL-LHC

Trigger/DAQ
* Tracker readout at 1 MHz after 10 ps latency

* High Level Trigger input reduced to ~ 400 kHz with track-trigger after ~ 30 s

* Register up to =~ 10 kHz after HLT

Muon systems

* New electronics ‘

» Some chambers replaced
to improve resolution

* Possible extension of
coverageton =4

High Granularity Timing

Detector

» Low Gain Avalanche Diode
24sns4

Liquid Argon and Tile calorimeter
* New electronics for full granularity
readout at 40 MHz

New Tracker

* Rad. tolerant, high granularity and light
* Extended coverageton = 4

FCC-hh Tracker : 430m?

ATLAS Inner Tracker: Pixel (580M, 13m?), Strip
(60M, 165m?)
CMS: 4.9m? (pixel) + 192m?

Trigger/HLT/DAQ
* Track trigger stub readout at 40 MHz

+ High Level Trigger input reduced to 750 with

track trigger after 12.5 ps latency
* Register up to = 7£

New Endcap Calorimet
* High granularity Si, Sc
+ 3D shower topology ang

precise shower timing

New Tracker \

* Rad. tolerant, high granularity and light

» Extended coverageton =4

* 40 MHz selective readout (strips) for
Trigger

Barrel EM calorimeter

» New electronics for full granularity
readout at 40 MHz

* Precise shower timing

* Low operating temperature (9°)

MIP Timing Detector
+ Barrel layer: Crystals + SiPM

* Endcap layer: Low Gain Avalanche

Diodes 37




Imperial College
London

Requirements: Endcap (EC) Calorimetry

Radiation tolerance: fully preserving the energy resolution after 3000fb™1,
requires good inter-cell calibration (=3%) - use minimum-ionizing particles
dense calorimeter: to preserve lateral compactness of showers

fine lateral granularity: for low energy equivalent of electronics noise so
as to give a high enough S/N to allow MIP calibration, to help with two
shower separation and the observation of narrow jets, as well as limiting
the region used for energy (and timing) measurement minimizing the
Inclusion of energy from particles originating in pileup interactions,

fine longitudinal granularity: enabling fine sampling of the longitudinal
development of showers, providing good electromagnetic energy resolution
(e.g. for H — ©©), pattern recognition, discrimination against pileup, angle
measurement, ..

precision measurement of the time of high energy showers*: obtain
precise timing from each cell with a significant amount of deposited energy,
aiding rejection of energy from pileup, and the identification of the vertex of
the triggering interaction

ability to contribute to the level-1 trigger decision.

TDR Section 1.2 |4,

LHCC Kickoff Jan"18 tswv
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CE-E: cassettes & mechanical structure (1)

» Modules mounted on both side of 6mm Cu cooling plate.

cooling plate

» Pb (2.1mm)/SS (0.3mm) absorber on both side
— Cassette (60° wide in CE-E)

300 um
sensors 314 types of cassettes

» One cassette:
~1500mm x 1500mm
2oomm = ~80 kg (Cu plate), >200 (with modules & absorber)

= ~100 modules & ~ 40 motherboards per cassette

120 pm = ~100 spacers
sensors = 6-7m of cooling pipes (J4mm, 100-150 bar)

screws/spacers ~

motherboard

Cassette type @ CE-H (silicon) | CE-H (mixed)
Active sides |f 2 \ 1 1

Full Si modules 91-102 26-33 5-19
Partial Si modules 4-13 2-5 1-4
Scint. tile modules - \ - 3-12
Angular width (°) 60 ° 30° 30°

Linear width (m)\|| 1.56-1.67 0.87-0.97 1.00-1.39

Radial length (m) \| 1.24-1.32 1.33-1.47 1.54-2.17

copper cooling plate Mass (kg) [\ 220250 /| 5668 74-144
silicon sensor modules

Total no. in CMS W 192 384

interconnection plate
steel-clad lead covers/absorbers P 39

mounting screws/spacers



- 11 Dec 2017

Nicolo Carti

INFN
- =2 Massive simplification of patter recognition, new tracking algorithms

lig, INFN, Torino HSTD1 |

,,AD fracking: timing at each point along the track

will be faster even in very dense environments
= Use only “time compatible points”

333ps 143ps
f 7 110ps
++ + +4 é
L /
+ + LA
v
+ + A N
Timing >
-87p
|
Present hypothetical LHCb Velo E 1em
upgrade precision: ~ 100ps -120p 10ps i

protons @eﬁex distribution ol
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INEN
-

- 11 Dec 2017

lia, INFN, Torino HSTD1 1

Nicolo Carti

- n 5D-fracking: space-time at high rate

Imagine fracking with ~ 1000-2000 tracks @ 40 MHz crossing

This situation is the pinnacle of complications..

Small pixels
100 x100 um

/

High power
requirements

\

Small area
for
electronics

5D tracking

High rates

Very high
channel
densities

Very high

data transfer
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Longitudinal shower development

= Hadronic shower profiles in Si-W ECAL

Test of hadronic shower models at low energies [NIM A794 (2015) 240-254]
depth of Si-W ECAL prototype is ~ 1A1, ~60% of hadrons interact in ECAL

3 segments with different absorber thickness - converted into pseudolayers for analysis

interacting events are distinguished from MIP-like events

test beam pions 2—10 GeV; Geant4 versions 9.6 and 10.1

Visible energy / pseudolayer

(E . pseudolayer [MIP]

T ] L '
50: :'-‘.;“‘"?,. 10 GeV -
R - x FNAL 2008 ]
40" x ------ FTFP_BERT G4 v0.3 —
: \ —  FTFP_BERT G4 v9.6

.i it --- FTFP_BERT G4 v10.1
301 N 7]
H N ]
;.! ‘\':- .
205 e ]
I Nida, i
I‘;"k:‘:l‘:'.'-In't-..-l- ]

-

10~ CALICE aginee., . 7
L Si-W ECAL el
r Additonal Monte Carlo 7
ﬂ'l....|....|...|...|...|'
0 10 20 30 40 50

Shower depth [pseudolayer]

Significant differences between G4 versions

Mean of longitudinal hit position distribution

3 e R RS R RN LAY RN AR RRRRN
= [ CALICE ]
= g5 Si-WECAL .
X N ]
6 =
5.5 -
[ ) -

B & g FMAL 2008 .

4 - —— QGSP_BERT 1
'5_ ------ FTFFP_BERT i

41_ . — « FTFP_BERT_HP -

- —= QBEC .

_IIII I|||||III|IIII| ||l|IIII|II|I|||||||III|III|_

3'51 2 3 4 5 & 7 8B 9 10 1

Beam energy [GeV]

Good agreement for all G4 models

1

r

Marina Chadeeva (LPI)

CALICE Review Panel 2018 @ DESY

Movember 6, 2018
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Longitudinal shower development

— MC/data ratio of longitudinal profiles in Sc-Fe AHCAL

Ratio of longitudinal profiles

Ratio of longitudinal profiles

1.4

—u
P

=
=]
[T1

;-_-..:
f
&=n

=
=
(%]
=%
=%
[, ]

2 2.5 3 3.5 4
1 I 1 LI I LI LI | I 1 LI I 1 1 LI | I LI | 1 1 I 1 1 LI | I LI 1 I 1 LI | 1

CALICE Fe-AHCAL (a)

4

] MC/Data 7~ 15 GeV B
0.6 [ |DATA - FTFP_BERT- QGSP_BERT -
B ] N I SN TN N NN NN TN TR NN SN NN TR NN SN SR NN NN NN SR SR NN NN SN SN S B ]

0 5 10 15 20 25 30
Layer from shower start
0 0.5 1 1.5 2 2.5 3 3.5 4 Mas
_I T T T | T T T | T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T _l
T4 CALICE Fe-AHCAL (e)
12 ke ]

e ""**-l-*

: Hm+++++{
0.8 -E
- MC/Data = 80 GeV .
0.6 [ |DATA - FTFP_BERT-A- QGSP_BERT -
[ A T R R R S R

0 5 10 15 20 25 30

Layer from shower start

Marina Chadeeva (LPI)

CALICE Review Panel 2018 @ DESY

Longitudinal profile:

visible energy AE per layer vs.

long. distance from the
identified shower start

Comparison with Geant4 v9.6

T 15 GeV
FTFP_BERT: agreement
within uncertainties

QGSP_BERT: little

underestimation

T 80 GeV

Overestimation around
shower maximum:
FTFP_BERT: by ~10%
QGSP_BERT: by ~20%

[JINST 11 (2016) P06013]

MNovember 6, 2018
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Tewerrs in Bampheg 4
n"alnﬂma"ﬂ‘i

L1qu1d

T

1st layer “ |

{presampler

FCC-hh: ECAL barrel (LAr)

argon calorimeter (barrel)

/

*  Much more granular than ATLAS calorimeter (x10)

..% * High long. and lat. segmentation possible with straight multilayer electrodes

‘L * + Easier construction (inaccuracies enlarge the constant term)

* —Sampling fraction changes with calorimeter depth

FCC-hh barrel ECAL

liquid argon absorber readout.

Characteristics

2 mm absorbers inclined by 50° angle

LAr gap increases with radius:
* 1.15mm-3.09 mm

8 longitudinal layers

« first one without lead as a pre-sampler
An =0.01(0.0025 in 2™ layer)

Ad = 0.009

29/05/18

v
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C. Helsens

[
W
—
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FCC-hh: HCAL Barrel (Tile-Cal + SiPM)

’ " FCC-hh o
Tile calorimeter s-Ms +readout g
; 4
WLS—|
Wavelength Shifting Fiber Fi breS o
* Granularity Scintillator _ Stecl g
-
* Much more granular =
than ATLAS (x10) g S
\ <
* An=0.025, Ad = 0.025 S S
* 10 longitudinal layers §
2
R v
[ % :
VA U

* High longitudinal and lateral segmentation possible with SiPMs

(Y
(e
~—

* Mechanical structure feasible, assembly study done

* First test of scintillator tiles started
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ULTIMATE in STAR
IPHC Strasbourg

First HEP MAPS system

ALPIDE in ALICE

First MAPS with sparse
readout similar to hybrid

sSensors

ATLAS CMOS

Chip-to-chip communication Depleted radiation

for data aggregation

Important steps in every

iteration

hard MAPS with:
Sparse readout
Chip-to-chip
communication
Serial power

FCC, CLIC, ...
Large stitched fast
radiation hard
MAPS

with:

Sparse readout
Chip-to-chip
communication
Serial power

| Review on depleted CMOS - T.Kugathasan - VERTEX2018
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Timing (CMS ECAL crystals)

CMS PbWO, Crystals+ APDs + new FE

H4
E- 0.3—:
.E.. B @ APD1 MGPA G6, 43ns shaping
20_25__ ®  APD2 MGPA G6, 21.5ns shaping
— i N
|:'~. - e Ao, ® C @® 0.025
% o2 N: 16.4 + 0.2 ns
e T : C: 0.027 £ 0.001 ns
015
E = 50 ps for = 25 GeV elec
B ..
- o\ ________________________________________________________________________________________________________________________________
0_05__ _____________________________________________________________________________________________________________ soes @ e
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0O 100 200 300 400 500 600 700 800 900 1000
A/Gnoise
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sczz*?

- Low-Gain Avalanche Detectors (LGAD) are based on the principle of SiPM or APD,
but with moderate internal gain (10 — 20) and analog response.

Adding a thin p-layer to a n-on-p silicon sensor to increase the E-field and deep n-

implants at the edges generate moderate charge multiplication without breakdown.

High-Field: Gain
N* cathode

- 7
q

P-type layer:Different Boron doses

.
o
-

. .

— PhOSPHOIUS
— Boron
e Net Doping

.
o °-
: <

P-type substrate: p = 5-15 kQ-cm

—_

P* anode

-
o
-

Doping Concentration (cm”)
s
2anad poesee 1 poness 1 posey ) -y pesw pa—

.
S

-
o
-

10 ) 1
Depth (pm)

=
-

The technology is being developed as a RD50 Common Project.
After 7+ manufacturing cycles at CNM (Barcelona) addressing general issues like
gain variations, bias voltage reach, leakage current reduction, segmented sensors
. etc. we now have submissions targeting specific applications mentioned previously.
l A second supplier, FBK (Trento), is starting fabrication with mainly INFN funding.

_Hartmut F-W. Sadrozinski, Ultra-Fast Silicon Detectors. CPAD
§
§

Low-Gain Avalanche Detectors (LGAD): -player -
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.....

Nicolo Cartiglia, INFN, Torino - UFSD; DESY , 20 March 2015

Ultra Fast Silicon Detectors

UFSD are LGAD detectors optimized to achieve the best
possible time resolution

Specifically:

1. Thin fo maximize the slew rate (dV/dt)

2. Pardllel plate - like geometries (pixels..) for most uniform weighting
field

High electric field to maximize the drift velocity

Highest possible resistivity to have uniform E field

Small size to keep the capacitance low

o0 O A~ W

Small volumes to keep the leakage current low (shot noise)

31
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Higgs to Di-photon Vertex Tagging

: g -1
Calculate photon time at each CMS Projection 3000fb™ (13TeV)
vertex location: consistency test H—yy
. CMS SiTﬁlgtj:ﬂ <u> =20 . i — — fiducial volume ——— 52 (80% Vertex Efficiency)
E L o v . B (1, ) > %t E‘}mTT ——— 52+ Calorimeter and MTD timing
- 08] —— Lascing Phicn Vais ypoihesas 5136 ] W™ by, N <25 ———— 52+ Calorimeter timing
0 | ——=——  Subdeoding Photon Vertax Hypohesss =086 _ lm:l;.a {‘rti‘} <10GeV 524 Notiming
i - £ | S/(S+B)-weighted - 6%2=1.71 GeV
0.2 = 5 | signal models /) | et
. i s -
- . ._'-.'.___ . : E :_
0 B % _H_é__—h'--_. _ ) ‘E .
- # _® F .
0.2 {" % 1 F
-0.4 __ I T S SN R S SR T i " | PR IR |—_ o : — e I el I L
B _4 o 0 o ; 4 ' 110 115 120 1256 130 138 1 1.1 12 13 14

z (cm) m,, (GeV) o, relative to S2

e Unique capability to match photon time to vertex time + position
- CMS ECAL is non-pointing, but has photon timing capability

= 50% of events additionally require MIP timing to find correct vertex

» |dentifies photon vertex: improves di-photon mass resolution by
25% and also H(YY) signal significance

Jt :
3F Fermilab
15 24 April 2018 L. Gray | ATLAS and CMS Timing Detectors
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Timing resolution (Si Sensors)

. L 2 2 2 2 2
Timing Resolution: 0T = 0] + Tliter T OTW T Ogiock

o, : Landau fluctuation, depends on deposited charge in sensor, dominates at high gain

T : : : {-}-2 — N ~ lrise
Sjitrer - Variation from the noise in the signal; Tlitter= v /at ™ S/N

oty - Arise from signal of different amplitudes, crossing the threshold at different times
Mitigated by applying corrections from TOT measurement

2 V, N
TTw= [W;]HMS X [dv;df]HMS

Goock - Clock distribution, expected to be < 10 psec

Some other contributions from TDC and t0 are considered to be negligible.

usha Mallik, University of lowa
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Computing: future of storage

Data Lake Concept

* Instead of one-SE-per-site, have a single logical SE that
encompasses a significant amount of high-performance
storage.

* Sites outside a data lake have no persistent experiment
storage.

e E.g., all is cached or streamed.

* Non-experiment private data (think: user outputs) goes
directly to destination site user is associated with.

* Regardless of whether the site is in-or-out of the lake.

Federations and Lakes:
Outlooks and the Path Forward

* Data federations are an important data management paradigm that emphasizes
transparent access and simplicity.

* Democratizes the data access: both user laptops and large-scale workflows can
access it equally well.

* For a large experiment like CMS, they complement the existing data management
systems and allow new use cases.

* Data lakes are a new concept, aiming to reduce the cost of running distinct storage
elements.

* At the simplest, a data lake could be a single site exporting to a series of caches.
* Activity in this space is just starting! Keep an eye out...

* Both aim to reduce the cost of distributing data across the distributed scientific
computing infrastructures common to HER.




Digital Calorimetry: The Concept

O Make a pixelated calorimeter to count the number of particles in each sampling layer
O Ensure that the pixels are small enough to avoid multiple particles passing through a

single pixel to avoid undercounting and non-linear response in high particle density

environments

O Digital variant of ILD ECAL would require 10'2 channels

Analogue ECAL
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Dlgltal S| W Pixel Calorimeter Prototype

full prototype with pixel sensors
+ CMOS (MIMOSAZ23), 30um pitch
24 layers

+ 3mm W
- 1mm sensor layer

- 120pum sensor + PCB, glue, air, ...

“world records”:
« smallest Moliere radius
* Ru=11 mm
* highest granularity:
+ 39 M pixels in 4x4x10 cm3 !

other R&D for FoCal ongoing in
Tsukuba (Japan), Bergen (Norway),
Kolkata & Mumbai (India) 53



