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Disclaimer

Many interesting and important R&D stigbegydowards future detectors.
Obviously, cannot cover everythingin32b mi nut es é

Focus on a few selected topics (and technology) foretanfliboolliders.
ATry to emphasize on some of the 0bigbo

It is certainly a persdnatedselection. Sorry by advance if your preferred detector/technolc
di scussed in the followingeée it certainl
(I wonot cover LA adeotraimed eDyalal Repodswst bore future

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
Experiments design and R&D Construction
Magnet R&D (FCO) HE-LHC contrcution Physics

Physics

FCC-ee construction Physcis
FOC-hh constreution Physics

FOC-ee, FOC-hh design, R&D, preparatory phase

ILC FC LHC

Design, R&D, preparatory phase Construction Physics

Design. R&D, preparatory phase Construction Physics

Design, R&D, preparatory phase Construction Physics

CeEpc QUC



Outline

Main detector challenges & concepts

1 SiI Sensors

1 Calorimeters

1 A new paradigm: picosecond timing

Muon system

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



Lepton Collider Challenges: Precision

Cftalk G. Hamel d¥onchenault

— 12 ,
‘69. . LHC 3000 fb™" (ATLAS: ATL-PHYS-PUB-2014-016 (2014}, Model Dependent « fit)
= = | Collider HL-LHC | ILCysy | CLIC3g0 | LEP3540 | CEPCasg FCC-ee
2] . LHC 3000 b & ILC 250 GeV, 2000 fb™ (Model Independent EFT fit) - —q -
81 10 i LHC 3000 fb! @ LG 250 GaV, 2000 fb-! = Lumi (ab_ ') 3 2 03 3 > 0.5
ﬁ . @ ILC 500 GeV, 4000 b @ 350 GeV. 200 fb™! (Model Independent EFT fit) Years 25 15 7 6 7 7
3 6Ty /Ty (%) 50 3.8 6.3 3.6 26| 2.8 1.6 1.5
g Sauzz/ auzz, (%) 3.5 0.35 0.80 0.32 025 025] 022] 022
Q Samww /gmww (%) 3.5 1.7 1.3 1.7 1.2 1.3 ] 047 | 046
8 SGubb,/ giby (%) 8.2 1.8 28 1.8 1.3 14| 0.68 | 0.67
@ S GHee/ Grice (%) SM 2.3 6.8 2.3 1.8 1.8 1.23| 1.20
D 00110/ GH1ge (%) 3.9 2.2 3.8 2.1 L4 17| 1.03| 089
- Souee/ gree (%) 65| 19 42 1.9 14| 14| 080 078
g Sgupy/ gy (%) 5.0 13 na. 12 62| 9.6 8.6 34
o Sgryy/ guyy (%) 3.6 6.4 n.a 6.1 47 4.7 38 1.3
a St/ Iraer (%) 42 - - _ _ _ | 33
E BRyxo (%) SM | <18 < 3.0 < 1.6 <12 | <12 | <11 | <10
& Q Q & & Ry -9
(sub)Percent precision on some main Higgs couplings

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

A Vertex Resolution at IP < 5 ufd-(fobdcct }, CMS /4

A Trackings (pT)pT) 2.16 GeVA, CMS /40

A Jetss(E)/E ~ 3.5% (>=50 GeVHffanvisible ATLAS /2

Lepton colliders:
need (very) high granularity, | ow mfjas

dd3®»:8)0D04wolH

S



Lepton Colliders detectors concept

Examples from ILC:
ILD SiD

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

Low mass tracker: TPC (central tracking) +Si vertex Full Si
Calorimeters: HighGranular Péptimized Calorimeters:

Si or Scintillators/W for ECAL, -|Brymal or Analogue HCAL
+ Muons & Forward

A Powepulsing electronicg-switch off during béess time of 200ms).

A Also for CLIC. Not for €@ CEPC.
A Similar detectors concept fordeGCCLIC (with full Si tracking). But active cooling may be n
A Radiations, data rate,é much | ess demani



Hadron Colliders Challenges (1/)2:ie

Figure 9.1: An event display showing reconstructed tracks and vertices of a simulated top-pair
event with additional 140 interactions overlaid for the Phase-1l detector.

U In pp (future) collidenstantaneous luminoswill go well beyond initial LHC plans:
A 5x164for HLLHC X2-3 LHQ
A é up t3¥%or FCak kIGLHQ

U With (intime) PildJp:
A From 140 to 200 forlHH C(¢5LHQ
A é t o 8-4QHCof~d000 fer ERIC (less if bunch spacing reduced t3FHQ

Will put severe constraints on tiggexingcomputing/software
andmay compromise object reconstruction & physics perforrfaiticeut proper mitigation)

HL-LHC, FCah:
need (very) high granularity, sophist




Hadron Collider€hallenges (2/2): Radiation damages

3000 fHL Absolute Dose map By S|mulated with MARS and FLUKA (CMS)

--------

800 | T | ™ R T P T 1e+07
s - l,:-l'.-'l'.
700 LI 1e+06
600 100000
500 ~
= = 10000 &
1000
* 300 3
200 100
10

PreShower + ECAL Endciﬂ)
ath~3: 1.MGy10°n/crd [g

||||||||||

0 200 400 600 800 1000 1200 1400

CMS FLUKA geometry v.3.7.0.0 Z [cm]

U At futur@hcolliders, detectors will have to sustain unprecedented fluencies:
A Up to 22x10%neqcml at HELHC
A ATLAS/CMS undergo major upgrades (tracker and/or calorimeters replacement, f
el ectronics, higher bandwi dth and gr
A 10 times more at F@@.

Activation of material becomes an issue for maintenance

HL-LHC, FCah:
Need radhard detectors (sensitive elements, supporting matedalpoar d el e gt

~




Hadron colliders detector concept

U HL-LHC: Major upgrades of ATLAS and CMS detectors i Also major Phase | upgrades.BiCb

A

> > > I

Tracker replacement (granularity increased by factor ~gpnline trigger at 40 Mbtaf-tracker,

extension to~4, reduced material budget (/2) VELO upgrade, &)
New high granular calorimeter (CMS) and ALICKonlinegecowith GPU & FPGA,
Timing detectors ITS: largest and most accurate pixel syste
Higher bandwidth and granularity at trigger level Muon Forward Tracke
L1 Track Trigger ok
FCC-hh Simulation
U FCChhconcept: g of p’g'>2516evl R G :
S I -- 13 TeV
= 0.08_— o
§ 0.06/- iy _ i
b i VBF Higgs

.
P Y <l Y ¢ T | IIIIII-r.AlLLI_I
0 1 2 3 4 5 6 7 8
r] max
J

Forward angular coverage more ‘and
more essential agficreases

A Main solenoid (10m, 4T) + forward solenoid¥ (5m, 4T
A Precision Calorimeters & Trackindy =, Bfficient Jet Tagging bg6o
A Baseline (for study): AFieB Arand Til€al (with 10x granularity)

A Depth: >30 X0 for ECAL,I1®rHCAL



oParticle Fl owd as dr i\

U Pleup mitigation, | et s umnmsimilarneetsdor egh granulag c |
detectors in the future.

oParticle Fl owo0O paradigm emerging as

A ol ow (inside thecoil) high granulaker

A High field integrxR( ief f ect i ve gr a n undigdugl recgngryction of all
A Separation neutral from charged particles particles by optimal use of all

A High Granular o0i magingo6 clal o PUPIRISCPS | o
A Small Moliere radius (minimize shower overlap)

standard calorimetry [ S~ —— ]

Aé coupled to powerful softwar al gor it
10 [T T " LN
[ ©© — Particle Flow (ILD+PandoraPFA) ]
L .. —- Particle Flow (confusion term)
8 [r .\ --- Calorimeter Only (ILD) -
jl “i 50 % IE(GeV) @ 3.0 % 1
PFLowalways 3%2- 6 e .
owi nsoé4d | 1
against g 4 —K S—

0 -
0 100 200 300 400 500
Ee/GeV
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SiI Sensors

U Si: widely used in HEP detectors as sensitive medium
A radhard, small cell size, good timing resolution, cost decrease thanks to gymhemywitm (o n i c

1000

- [
- S 8

Detector Surface [m?]

o
o

0.01

0.001

1960

& Tracker
% Micro-Pixel e % ECGhh
Silicon Calorimeter L 4
S
B Trackersin Space iM CM% 4LD . .- .
P FERVI ATLAS2 % Wafer Areas in Chip industries:
ATLAS N A
CDF 1 ALICE% @ bz?mm
¥ AVIS 2 % ATLAS2 8
DELPHI ‘97 D0 @
AMS ] oZEUS ALICECMS  *CMS2 Q &
CDFe . < Z )
VIARKH @ arBar % Bellell » »n =
oo CLEO 3 CMS, s @
DELPHI*. ATLAS - o = GI)
NA11 ALEPH ’* Belle % % ~ » o)
® L3 DELPHI ?g) S %, We a e
OPAL ‘%)%,;
First Si Strips & %
L
] LEP LHC HL-LHC ILC
Growing demands for tracker (more and
Wi dely and massively used i|n ind
Only one producer WHBPRquanthidsed ( HP

11



Si Sensors: Hybrid solution

iTraditionalo design of HHIPads for futira albrimsters)

High Voltage

Sensors (higksistivity Si wghjunction) connected .
toCMOS readochipvia bump or wire bonding technique '

Smallpixel size achievab(25 pnm 250um)

Radiation hardnes€urrent stage of the ant-mor 3Ecolumns):1:8 nedcmz.
A Tobe pushed furtherforifC€e ds (t hi nner sensors, &)

] -in-p (FZ). 300um. 800V_ 23GeV p [1 o 1 .
b ; ﬁ-ii-ﬁ gZ% 300::32. 800V, uemicuf EI?E] u B u m pbo n d I n g .

_: 4 n-m-p (FZ). 300um. 800\."_‘7261\%\' p[l] P . .. . .

]2 mmn G doowm Sooy oty A limiting factors for Pixel size,

1 & p-in-n(FZ). 300um. 300V, neutrons [1] - .

] ‘ A Usage of capacitive coupling (CCPD) may

23 TR % n_illl_pllsz' ('17'06'\7') 1 FZ Silicon Strip Sensors
E e = nnp (FZ). 300um. 500V, 23GeV p[1]
E vy ) ' 1 o n-in-p (FZ), 300pm, 500V, neutrons [1.2]
20E | * T, neinpF4 (800V) J & ninp (FZ). 300um. 500V, 26MeV p [1]
- u}
-

151
10

St B References:

Collected Charge [10? electrons]

1 J B = improve this
L p-in-nt FZ (500V) - n-in-p-Fz (500V) ] e VIR | . .
L S R U A Costdriver factor on detector production
Bgg [emP]

LHC | sl ([ H1.-LHC

Hybrid sensors provide route to meeting the most extreme performance requiremel
Due to cost they are less attractive for pixel tracking requiring large area coverage



Si Sensors: CMOS (1)

CMQOSBased on regular process at microelectronics folueapiéade wafer sizes

j——

A Sensors diode and electronics on the same wafer
A Thinepitaxial sensaps 5 Owithtbaiin readout electronigsall pixel€©30 x 30 pin

A Monolithic Active Pixels (MAR®)lect electrons through diffusion
A Limitation in radiation tolerarze103nedcn?
A Large integration tings

A DepleteeMAPSHV/HR CMO%)low depletion voltag200 V

A charge COlleCj[iO_n by drift, Combine benefits from hybrihérad speed)
A Improved radiation toler@&nt€®nedcn? with those of MAPS (integration of analogue
A Recover integration '“me Of O(ns) digitalogic,lowemst, lower material)

MWELL NMOS PMOS

DICDE TRANSISTOR TRANSISTOR nwell
collection

Substrate
1S ¢ C] L / _L contact Mo MO NMO PMOS electrode — -
Ef = i i pwi " pwe!l | ﬁ i
— f _ deep nwell collecllon electmde _________ eep pwell__ -
m e m——
y) = DEEP e low dose n-type implant
e , e/ r
= h depletion boundary
) ~ h
N T fo
-V
 /h o depleted zone
= Epitaxial Layer P- iaeme p- epitaxial layer
3
#
i

MAPs CMOS Tower Jazz Technom(®)18 HV CMOS modified large (left) small (right) collection electr



Si SensorsCMOS (2)

U Used for high precision with low material budget and small pixels
A MAPsEudetelescopeSTARvertexdetectof © UL T1 MATEOG, ¥ i r st
ALICRipgradeih S2 ( AALPI DEoO) , &
A Goodtandidate for LC experiments targeaipg hit resolution WitB5 pn pixels,
M0.2% Xper pixel(outer)layeith pwer pulsing and airftoaling

A DepleteAPS: HR/HSMOS:
A R&D in full chip integration and capacitive coupling through glue between on sensor pream
stage and complex digital chip
A Good candidate for CLIC and FCC experiments (impgohathoaih not most exposed areas)
CLIC needs charge sharing for resolution

i State of the art: ALICE ITS 7 layers of MAPsnwith12.5Gpix
A 3inner layer each 0.3% X/X0 from 20 to 40 mm
A 4 outer layers of 1% X/X0 up to 400 mm
A 2us peakingme, 100 kHparsifiebinaryoutput (similar to hybrid)ge

-----------

To be installed during LS2 (2Q020) ; 14






ol magingd Cal ori meters a

U Development of high granular calorimeters mainly orga@ﬁlﬂ@ collaboration for ILC.

0 Wide variety of prototypes PFA Calorimeter
demonstrating deep understandlng

of detector technologies

U Ideal devices to tune
shower modekse€ backup)

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

Si/W ECAL
SDHCALRPC+Fe

Similar concepts for CLIC (also adapteddae #iTidbut 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

A R~1.4m m

A W absorber E il
A Ensure compactn€sg0 cm thickness)f
A small R BiE

A Si as active medium p
A for 26 layers: ~2000 m? of Si, o
A Large SIN 200

A Extreme high granularity 100

A (O) 18channels (vs 34 LHC 1)

900

0 L

III

||||||II||I|IIIIIIIIII|

T T

SiW-ECAL:
cnm@enmas

ucted energy li i
Wafer 3, W-configuration 1

Wafer 4, W-

- Wafer 4, W-

1
L] 2
guration 3

Wafer 4, W-

Linearity

I|IIII|I|IIIIIII_

I|III

Mature concept, validated with several prototyp&siman
Inspire initial design of CMS HGEA la(er

L 10-GeV track

®* CALICE data
| —— LHEP

~—— QGSP_BERT

vl by

30-GeV track

A CALICE data
===~ LHEP
---- QGSP_BERT

P R B

100

150

200 250 300
ce between shower axes [mm]

17



Analog HCAL

U Sandwich calorimeter based on Scintillator tiles (3x3 cm?) readout using Silicon Birigbmul
A ~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

Side-Module
Interface Board

A ~50%d(E) achieved in test beam (with software compengation)
A SiPMontile concept adapted to CMS HGCAL HC#departeX

18



SemiDigital HCAL

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

A Semidigital readout (2 bits, 3 threshaldg)ts how many and which pads have signal
largethan one of the 3 thresholds

Readout pads

Mylar layer (504) PCB interconnect (1cmx 1cm)

PCB (1.2mm)+ASICs(1.7 mm) Readout ASIC
(Hardroc2, 1.6mm)

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

Glass fiber frame (~1.2mm) ﬁ”Od? glass (Oi?mm)
resistive coating

Mylar (175u)

903—‘ """""" ARRRRRARRE R REARE RARRENF: /\o 0-3_||l|IIII1]II|lIIllIIIIIIIIIIIIIIIIIII ]
= CALICE SDHCAL 3 3 C 7
30:— Multi-thr. mode ”'_: LL"' L CALICE SDHCAL -
E - 4 W H6 runs &
70k @ 4 T3 0251 —
E ., Pl - .
60— 7.4 — o} o -
E - ® Multi-thr. mode .
50F ¢ - = . S
E 0.2— Ao Binary mode |
40 * = - -
30 B - [ ] .
E - ] - - =
20F r'e ] 0.15— —
F ® H6 runs E - ) |
10 - 4 H2runs 3 r ‘ i =1
Nl ] r [ ] 4 b
A T | | I I I - . —
0 ; 01— ¢ 4 i -
C = L] A

0.1~ = °
(b) r o |
laaliad 0 4 g & B |
o4 ] 0.05 —
- 1 — = —
01 . B ]
E__ : ; : : ; ; : i 3l ol bea s Lo by Lo aa bowaa Lo L

0 10 20 30 40 50 60 70 80 0

Epeam [CEV. Epeam [GEV]

A SDHCAL demonstrated to fulfil criteria of HCAL at Iinear| collider

19



(imaging) Calorimetry at pp colliders: CMS High Gr@Allarimetefl)

Radiation, PU, data taking conditioms
=> Radically different soluvotes-e:

CMSHGCAL: &D» hybriddetector:
A Energycalorimétrie)

A 30 Pogition tracking),;

Plane 4

(FE el ectronics, echaWtii|cs, 1 = ) g, e
A Timing (résolutiongs@el) [seelatei
HB REX é/ : ;_.;l ! !
n"-‘;\ - r T ra
= SUNUNY
“'{t;’f \///E/////g’; converto
ECA.: 28 layers, = AN NN\
- = JANN NN
Si+PICu/W 7 NN NN
’ 7NN N NN N <
= NANANNA o
2/ N 2 Sf
YAANANNA Steel HCAL (24 |
3 = NNNANN tee (24 layers)
- - AN NN
A E%Q%&ﬁ\ Full S(8 layers)
y WNENND or Mixed SEiPMon tiles
> Q%%;% YA (16 layers)
- \é%?&f\;\
' \ N A
LT N NNA
) - NN 2lill
| ;N% =il
exag ogules | N\
C 1 CO i Al \/\/\ _r
or October<s Seamiife Bk é\;i?\ L
n=3.0 i 705 b
j \*:3 = 15.9 58 15.9 274 i
0 e | T = In theendcaps 1.5h<3 3135
.EEI‘EEI'LFM — N | : i

6M Si Channels (x100 €C¥M&, ~600 m2 Si, 500m?2 scintillators

20



(imaging) Calorimetry at pp colliders: CMS High Gr@Allarimete{2)

AThere asrteopmpoersshowt i s all jJust engineeringo
AHGCAL is perhaps the mos
eveundertaken i n part.i

o | -power, lownoise, rachard, __Services (LV, HV, signal, pipes) rmgek

large dynamic range, good
resolution o

Event 1

...........
\\\\\\\\\\\

15
o ECALflflug
oY HCALdreen

-10
-15

Oct 18 Test Beam
with (O) 100 modules

ed |l ayers (60 S
High Granularity with E, p and timing becoming real the LHQ !
To be installed during LS3 (22P26)

Li kely the first oimagingo calori,







(picosecond) Timing

Simulated Vertices T

3D Reconstructed Vertices CMS S|mU|at|0n ) <PU>:200
—=&—— 4D Reconstruction Vertices

—+— 4D Tracks

Baseline (end)

t (ns)

0.6
0.6

04

0.2

t [ns]

1072 events/mm/ps

0,= 35-50 mm

-0.2

20 -15 -10 -5 0 5) 10 15 20

o
|III|III|III|III|

-0.4

HEE R EEE R T E RN 1T 1 U
10

at
:_
r
L
.
I_
=
I~
'_

U 101 5% vertices merged i n sp_\aceé
U e could be reduced t o pspréeisianson trogflight heeded) i mi

Could now be achieved th@amkaarticular) ttedevelopmenbf Ultra Fast SilicoDetectors

(especially in high radiation field)

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

z (cm)

nHnp Si Sensors with

n-in-p amplification througimplant
below the collection electrode

p (thin layer of doping to produce

p* low controlled multiplication)

Sjiter N(AVAY° ;. (S/N)

X
N4~10' Boron/em? P

p++
Traditional Si Sensors LGAD

U Usage of fast timir{@oth for charged and neutral particles):
A game changdespecially at hadron colliders)
A Will take more and more importance in the yearsit@cormer(a)c ki n g , s




(MIPs) Timing at HIHC

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

EXPERIMENT

"l : ' BARREL
MBTS threaded holes to M T D d g
be used for HGTD bolting eS I n Ove rVI eW TK/ECAL interface ~ 25 mm thick
on the Lar EC wall Surface ~ 40 m|
— Radiation level ~ 2x10% nh“/‘cm}
CMS./ Sensors: LYSO crystals + SiPMs

2 double-sided layers of
LGADs & ASICs and

ENDCAPS

Onthe CEnose  ~ 42 mm thick
Surface ~12m|
Radiation level ~2x10% n_Jcm|

Sensors: Si with internal gam (LGAD)

20mm Moderator
outside the HGTD Vessel

2 4 /
oderator inside acxcover = - ‘
the HGTD Vessel
nn
1 &
0

U 2 |ayers Of LGAD (2144:)’ |n fI’OlﬁIakEndcapS c:: Thin Iayer pgtwegn t_racker and'calorimeters

0 MIP sensitivity with time resolution of ~30 ps

A 1.3x 1.3 mm?2 plxels (3 5M Channels) o Hermetic coverage for |d|<3
A 2 (3) hits per track for R>(<) 320mm (average) Barrell{ <1.5)LYSO:Cerystal+SiPM

E; 1'4'::4#:_5.&\;54|rTue|\Vs|n:lu|an380|=renmmary—-—:1:<|.:.‘;,:T[) L % m;.? iﬁﬁ h&é% ‘E.‘.l‘.%' E A |nS|de tracker Volume
T et omeemnm 3L “e“m . U Endcap$l.54<3): 1 layer of LGAD
0.9 4 2 E T 3 4 .
N S of s s i A 1x1.3 mm?2pixels (1.8 M channels)

08, ' 1 E (-14Tev,<u>-200 30<p” soeev ~-— 3 4
UTi - é [ Pythias dijets . 3 A In frOnt Of HGCAL
- — ] ' ' E

06F e

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 08 ol
Pileup density [vertices/mm] Edficiency for hard-scatter jets

a) Jets with 30 < pr < 50 GeV.

Resolution of 380ps (after |rrad|at|on)_GAD Rad. Hard up to2rigrjcm2 (10 times lesslf650+SiPM
Clock distributionNeed 145psi n or der not t o spoi |l t ha



(picosecond) Timieg f or shower s |

Calorimeters can also provide precise timing for netdrdétermirgd s o r i gi n
conjunction with vertex timing to mitigate RPUDINMETS resolution or Lepton Isdlation

U Examples at HHC:
A CMSECAL witRbWQcrystals + APDs + new FE can peo8jesfor 30 Gey

A CMSHGCAISampling calorimeters benefit from large number of layer3@psfooféce
GeVWPhotonand good efficiency for hadrons abovdP2 GeV
A Limitation in S/N is in electronics noise (pad size capacitance)

H g gertex flndlng (4Dracking+calaming) CMS HGC Bads

CMS Slmulatlon <u>=20 X,
’J)"' Simulated Vertic U L L L L 7
3D Reconstructed Vertic: ot -
5 S 4D R Vertices B IEI (1t2)=i@c
-+ 0-6 —+—— 4D Tracks ] g:’l_ a ‘6 2ex
——=—— Leading Photon Vertex Hypotheses 1 =-1.26 ] - A ~ |
| ——5——  Subdleading Photon Vertex Hypotheses 1 =-0.66 7 :?u ______ i :::: :: ?w1;:ﬁs: ::mi‘lanl‘iio:—o‘om
0.4} | = 51211 pm: A=1.06+0.02,C=0.008+0.001
L — © B sessmenceees 8211 um: toy pulse simulation
L — ——&—— B5i285 pm: A=1.110.02,C=0.010+0.001
— — * "\‘ ------------- Si 285 um: toy pulse simulation
02 - 107 N
O — i
-0.2— —
- - m 30psatS/Nm 20
u . 102 o
04 ! L. | | | ] - 50G€V€|e(ﬁ el
6 _4 -2 0 p) 4 ]
2
Z (CMm 1 10 10
( ) SIN,,

From DContardo 25



Gaseous Tracking detectors & Muons

Besides Atraditional 0o gaseous techniqgues,
a newer technologynatureMicro Pattern Gas Detectors (BiEEMegagRWell é) f or

U MPGDs provide:
A Fine position resolution (<100 pm),
A Good timing resolution (< 10 ns),
A High Rate capability (>1077 counts/mm)
A Excellent radiation hardness
A Can be mass produced by industry

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

Resistive layer
#~100 MO/

v

i \_?
MicroMegas New Small Wheel (h38&.7) H-ResistivdVelldesign
(MM+TGCs)

U MPGDs:
A widely used for LHC Upgrades: GEM (CMS forward chambers, ALICEA®@IE, current
MiccoMegasnd Thi n Gap Chambers (ATLAS f or wa

A Also good candidates for future colliders
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Mechanics & Cooling

U Future detector mechanics has to cope with large range of demands:
A Provide high dimensional and dynamic stability
A Radiatiohardness
A Minimal material budgX/X < 0.1% per tracker layer for Lepton colliders!
A R&D on new material:

A Carboneanetube or Graphene used to enhance composite thermal and mechanical
A Resins with better radiation resistance,
A 3D printing (metal, ceramics, polymer)

ALICE ITS

High Modulus
fibres

g THigh Thermal
\ Conductive fibres
) _ _ N Polyimide
A Provide cooling and thermal stability pipes

A Needed to dissipate power and mitigate leakage currents in radiative environmer
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A Twophase CORurrent statefthe artl(HCHWVELO, ATLAS IBL,

ATLAS& CMSh a s e | | Tracker s ,LHCl:é‘nD:ro.-channeI cooling
A R&D on CO2/N20 mixture to go bélBw ~ == s
A Alsop-channelembedded within thipl&tes "

to further minimize material budget



(FrontEnd) Electronics

More complex and granular detectors inevitably lead to more and more stringent requertAai<Cgn F

Ex HGROC (for CMS HGCAL) [ Dstapath |
A Large dynamic raf@efC->10pQ | nuwe
A Low noise (MIPs sensitivity) P = 3.
A Low power 18mW/ channel) -

A Radiatiohard —

A Time resolution (&cel) ) ) e e

A Highlevel integration U .m‘ =
| K

U Deeper submicron technologi@s5 um Si/Ge widely used at LHGMC 130 nm (HHC calorimeters), 65 nreL L. pixel
A Increasdligital functionalities

A lowerpixelsizes(50x50 pm? for RD53 pixel ASI(!)§tuttering ) Chip introduction
. .. @ Transistors per chip, ‘000 @ Clock speed (max), MHz Thermal design power*, w dates, selected
A reducepowerconsumptior(digital part), S 1500 1};;
. . . ransistors bought per$, m entium 4 Xeon | |Core 2 Duo
A improveadiatiotolerance (up to 3@Radg$or 65nm) 20 0.25um Log s
15 7['- itium ITI 107
A 28nm ? Radiation hardness tests started. 5 (e, @35UM
. Y s 10°
Candidate for Fb&? 200204 06 08 10 12 15
4 . . . . R = 10°
A Any interest in going below 28inFEHTE?? L
um
Alice SPD chip RD-53 chip
1999 2017
19":'0‘ I 7‘5‘ . BOI . 8I5I . QIOI I ‘_?‘5I I 20‘00‘ ‘ 05‘ ‘ IlllJI I1I5 o
Sources: Intel; press reports; Bob Colwell; Linley Group; IB Consulting; The Economist *Maximum safe power consumption

29



(some) Challenges for Trigger / DAQ

I¢ity), :
A More granular detectoasq(tracker &hallenges for future trigger syste
APhysics r anrevecald§ if r olm P9 hgrgware & software part

A More complex events (PU<=>high muItip];

U Example of requirements forrEHC (ATLAS & CMS)
A L1 latency: 282 us 1012.5us k4 LHQ
A Readout rate: 10Ez- 7501000 kHg-x10 LHE
A Overall throughput: 2 Th/s0Tb/s £x25 LHL
A Rate to permanent storaigelz 7.510kHz £x10 LHE

U Benefits from commercial progress FP GA, bandwi dt h/ high speed |

U Flexibility and Scalability are the keys !
A Ideally (?): read ~full deteetsend everything outise complex & powerful algorithms for trigger

decisions
A Limited by data outp(fECGhh 1-2 PB/s !'Bnd number/speed of (optical) lifiscost !).
A In practiceompromise between data reductioo o mpr es si on, lesedfihfermatioar g

A Process on FPGApregrammable <=> adaptation to new data taking conditions

U oflriggerlesé LHCharchitecture?
A What are the consequences-tineocomputing ?

U Software trigger with GPU ?
A Demonstrated by ALICE for track reconstruction 30



(some) Challenges for Computing & Software

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

LS 1o

~300

Google
Internet archive
~15 EB

SKA Phase 2 — mid-2020's
~1 EB science data

HL-LHC = 2026

~1 EB Physics data

HL-LHC: x3 CPU, x6 Storage
—_ , wrtLHC (with ~flat budgep) .
SKA Phase 1 - o I , 7 T
2023 8 100~ € what ahbh&?ut = F
PB/year — - .
scence dota o [ ATLAS Preliminary . i
L 80 -
S - = Resource needs .
‘;’ - (2017 Computing model) .
@ B = N
HL-LHC — 2026 o 60— — ﬂ%h?,jﬂgegﬁ{”"de' .
N{]pﬂﬂawdam g '
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-
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Si mple scal
U Lots of R&D:

A Computing:

A Rise of heterogeneous hardwarexcnamy e
opportunistic
A Reconcile the split betweerf’HRE HTC) ecosystems ?

Aé quantum
A StoragemainissueDat a
A Simulatonadapt to

A Machine Learning Deep

C (

A L L 1 |II ll_l
2018 2020 2022 2024 2026 2028

i ng of cur r e hawidaas & biratége meedad! e Yean a
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CPUGOG s, acceleratlog:

resources (commercial cl3osu
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) > 3
computing? 29
compression, slimming, ¢, ﬁgd?a
new (vectorised?) computing?®g:
. : ] 2 S
Learning revolutionté comesétg/y



Summary / Outlook

U4 Only scratched the surface of all future

U Try to highlight some of the new paradigms emerging for future detectors:
A High granularity (for precisiendnfor pileip & radiation at in pp)
A Particle Flow as driving concept for detector design
A (UltraFast timing

U Frontier becoming less clear:
A Between detector functionalities when g@irigattking / Si@vices (E, X, V, z, t)
A Between dime bfline

&D at HEP_.

=

(intef)lrrigation of the various R&D programs
very important (and effective!)

From MStanitizki

22/0ct/2018

French groups strongly involved in thegeyolutions, with leadership in key argas
(imaging calorimeters, r@ckoe ct r oni cs, CMOS pi X
But threatened by loss of expertise / lack@tiitments
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Past, present and future Colliders
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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
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