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Introduction

CERN Council has by virtue of the Convention for the Establishment of a European
Organization for Nuclear Research responsibility for defining the strategic orientation
of European particle physics and not just those relating to activities at CERN

(see https://council.web.cern.ch/en/content/european-strategy-particle-physics)

The first "European Strategy for Particle Physics" was adopted by CERN Council on
14/7/06. The strategy was prepared by a Strategy Group consisting of eight members
drawn from ECFA and the SPC, two co-chairmen, and a scientific secretary. This group
took contributions from the community and at an Open Symposium held in Orsay
30/1/06 to 1/2/06.

A Strategy Update was developed following the Open Symposium in Krakow on
10/9/12 to 12/9/12 and published by the European Strategy Group following its
Update of Strategy meeting in Erice on 21/1/13 to 26/1/13. It was adopted following a
"European Strategy Session" of CERN Council held on 28/5/13 in Brussels.

The next Update is expected to be published in 2020 with significant material

developed in 2018 to provide inputs to meetings of the preparatory groups for the
European Strategy during 20109.
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Hadron Colliders: the HL-LHC Programme

= High

LHC / HL-LHC Plan ) Luminosiy
CERN Council (May 2013)
. LHC HL-LHC

“The discovery of the X |

. . Run1 | | Run2 | Run 3
Higgs boson is the start |
of a major programme 13Tey MM 13.5-14 TeV Wi L1 A———.

. splice consolidation inﬁ;ﬁt‘:“ cryolimit HL-LHC 2(}2'”?;1;

of work to measure this 7ry STV Sucoino 08 collnaion aoon | LS| uminosty

Civil Eng. P1-P5

particle’s properties

with the highest possible 7
iSi i 2 x nominal kam -iTagU experiment
precision for testing the o | v | wwarede phass 2
validity of the Standard o — U
Model and to search for  EIH 300" s

further new physics at the
energy frontier. The LHC is in a unique position to pursue this programme.”

“Europe’s top priority should be the exploitation of the full potential of the LHC, including
the high-luminosity upgrade of the machine and detectors with a view to collecting ten
times more data than in the initial design, by around 2030”

HEPAP in the US (May 2014) decided: “The HL-LHC is strongly supported and is the first
high-priority large-category project in our recommended program”

CERN Council (June 2016) Formal approval of the High Luminosity LHC project, HL-LHC
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Detector Upgrades for the HL-LHC Programme

Luminosity profile: ULTIMATE
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Detector Upgrades for the HL-LHC Programme

https://indico.cern.ch/category/4863/
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Detector Upgrades for the HL-LHC Programme

Luminosity profile: ULTIMATE
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LHCDb: Phase-l Upgrades

Downstream
Tracker
Sci-Fibres

IEs

alitay ey Al Cllinte

readout system at
inelastic collision
rate processed by
fully software trigger




ALICE: Phase-l Upgrades

27 The Future: ALICE Upgrade Program
New Inner Tracking System (ITS)

® improved pointing precision
® |ess material — thinnest tracker at the
LHC

Muon Forward Tracker (MFT)

® new Si tracker St
® |mproved i pointing precision

MUON ARM
Time Projection Chamber o fg;(};nuinus
( TPL)

electronics
® new GEM technology for

readout chambers
® continuous readout
® faster readout electronics

New Central Trigger
Processor (CTP)

Data Acquisition ( DAQg
High Level Trigger (HLT)

® new architecture [ 4

® on line tracking & data W e e
compression ;

® 50kHz Pbb event rate TOF, TRD, ZDC New Trigger Detectors

® [aster readout (F|T]
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Overview of HL-LHC Programme

Radiation damage to triplet magnets at 300 fb-1 L[10* cm”s]
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The main objective of HiLumi LHC Design Study is to determine a hardware

configuration and a set of beam parameters that will allow the LHC to reach the
- - ' - L following targets:
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Detector Upgrades for the HL-LHC Programme
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ATLAS: Phase-ll Upgrades

https://cds.cern.ch/record/2055248 /files/| HCC-G-166.pdf

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
\

LHC HL-LHC

sy
/ 000 o s
Toroid Magnets  Solenoid Magnet SCT fracke PlerD ector TRT Tracke
I
F’ha\e\1 grnde\ | Phase-2 Upgrade
I
|

/ L= EENU} L = 7.5e34 (1~200)
int L= 20 | Int L = 4000 fb-!

Naw Muon Small Whe All new Tracking Inner
Fast Track Trigger (FFK} Detector (ITk-Strip/Pixel)
TDAQ Phase-1 Calorimeter Electronics

LAr Calorimeter Electronics Upgrade

ATLAS Forward Protons (AFP) Forward Timing Detector
Muon System Upgrade

| TDAQ Phase-2
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https://cds.cern.ch/record/2055248/files/LHCC-G-166.pdf

CMS: Phase-ll Upgrades

http://cds.cern.ch/record/2055167/files/LHCC-G-165.pdf?version=4

New Tracker

* Radiation tolerant - high granularity - less
material

 Tracks (Py>2GeV) in hardware trigger (L1)

* Coverageupton~4

LY/ T
Barrel ECAL

* Replace FE/BE
electronics
* Cool detector/APDs

Trigger/DAQ

e L1 (hardware) with tracks
and rateup ~ 750 kHz

e L1 Latency 12.5 ps

e HLT output rate 7.5 kHz

04/10/2017

%

BILPA

Muons

» Replace DT and CSC FE/BE electronics

e Complete RPC coverage in forward
region (new GEM/RPC technology)

* Muon-tagging up to n~3

New Endcap
| Calorimeters

| * High granularity
| * Timing capability

e Radiation tolerant

13
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Large Area High Rate Gas Detectors

Major R&D activities on micro-pattern gaseous detectors for LHC

large volume tracking (eg muon systems) T e

* Increase rate capabilities and radiation hardness \\-h\%j ,Z )

* Improved resolution (online
trigger and offline analyses) *

* Improved timing precision
background rejection) '

Technologies :

Féblo Sauli

(>10%Hz/cm?)

doi:10.1016/j.nima.2015 " oum

e Straws (NA62) and drift tubes (ATLAS)
e Gas Electron Multiplier (CMS, ALICE TPC R/O and current LHCb)

Cylindrical GEM
KLOE-2 and for BESIII

04/10/2017 BILPA

RD51: common micro-pattern gas detector R&D

ALICE TPC Read-out

4 layer GEM stack to target lon backflow
< 1% given continuous readout at 50kHz

14
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Large Area High Rate Gas Detectors (>10°Hz/cm?)

* MicroMegas and Thin Gap Chambers
(TGCs): ATLAS “New Small Wheels”

* Many challenges including the development
of commercial large-scale production
capabilities (ATLAS NSW Forward Muons: 5 ,
2*¥1200m? and 2.4M channels) " TE [Ampltcation Gap. T S TE

¥ [m]
10 Precision MDT muon chambers

e Readout Strips
R R e Resistive Strips

_— : ; Tec
DT & RPC trigge: ! hamber; : : trigger chambers "
e | .| -
; _'__,——'—'_'_'_
TGCswith
higher
....... remm
- — } ——
( 10 15 20 z [m]
small wheel

* Resistive Plate Chambers (RPCs) - low
resistivity glass for rate capability, multi-

gap precision timing (ALICE/ATLAS/CMS)
04/10/2017 BILPA
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Scintillating Fibre Tracking

egme Di (Gy) for 50 fb-1
Large scale SciFi tracker for LHCb 500 ko
SiPM readout =1
" . NP SiPM
3 stations of X-U-V-X scintillating g 3 PM
fibre planes (<5° stereo). Every location
lane is made of 5 layers § ol
\ of 2.5m long ! = 0 F,=6-10'' cm?
(250 um fibres,. -200 |-
fibre ends \\ \\ \\ A
mirrored pead §
-600 0.01

-400 -300 -200 -100 O 100 200 300 400
X(cm)

SiPM readout
2Xx~25m

A.)‘-.-’N,

4 layer proto mat

2X~3m

Challenges
= Large size — high precision
= 0(10,000 km) of fibres

= Operation of SiPM at -40°C

N
3 million (SCSF-78MJ TDR baseline) scintillating

r[Ll 2 =~10-20 pe
fibres with up to 30kGy non-uniform exposure _

(CERN/LHCC 2014-001) | ch. #
04/10/2017 BILPA 16
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Timing Detectors (c=30cm/ns; 1/c= 33ps/cm)

* Many applications call for precision timing for particle ID (incl Time of Flight)

* eg BELLE-II TOP (Time of Propagation) o = 35ps: 2.5m x 0.45m X 2cm  FERNCTTIT T

Quartz bars _«Barrel
> & s 1_ q_‘< \
Photon K /et Forward
Detectors /m Photon from K+ mirror
MCP PMT
Readout

e eg LHCb TORCH (Time Of internally Reflected CHerenkov light) 15ps ToF (30 pe/track)

TORCH M4 M35
3

T T T T T T T T 5 e
rcussing block .
At ToF +ToP combined J

d=2.0m photon Time—of —Propagation MCPsensurs“\\ -, 2
4 ‘ =

9=9.5m particle Time—of=Flight

¥, = B22mrad

normal incidence

radiator plate

time differences t(K)-t(m) [ps]

d

i ]| L -
’ e
N i 0 1 1 1 1 1 1 1
| [ & ‘ 2 4 6§ 8 10 12 14 16 B 20
= - | A - ] particle momentum p  [GeV/c]
2O e T B e Farticle
I I | | I
5m 10m I5m 20m 1P

* PET Scanner technologies: ToF fast scintillator and photodetector (eg LYSO+SiPM)

ol senbilation event
s
=

»

https://doi.org/10.1016/j.nima.2017.02.045 ot

Also CMS Barrel
Timing Layer (30ps
pile-up mitigation)

= # 25ps time bins

04/10/2017 . BILPA
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Timing Detectors (c=30cm/ns; 1/c= 33ps/cm)

* Charged particle detection with quartz/scintillator plus fast photodetectors eg ATLAS

Forward Physics, or direct detection also possible with fast gas or semiconductor detectors

ALFA AFP ZDC ZDC AFP  ALFA
-240m -205/-217m 140m 140m  205/217m 240m

Al mirror

ATLAS AFP: <15ps James Pinfold (https //indico.cern.ch/event/466934/contributions/2591363/)
————-=,  RD50, ATLAS, CMS: Low Gain Avalanche Detectors

ALiICE ToF :
e |\ [ ===="=="=1 (LGAD) (need to watch radiation issues - work ongoing)
140 m?2 of Multigap RPCs at3.7 m V 7 - 80 HII’K 50D Resolution vs. Fluence -20C & -30C
£ o 70 - Preliminary
from the IP e ;L G H. Sadrozinski + B
ilitv ~ 2 60 — e ]
* Rate capa.bllllt'y 100 Hz/cm 2014 JINST 9 C10019 | e
(glass resistivity) o i
* Fast readout electronics € ot s 40 + OHPK 50D pre-rad
. . . . e Tk o 1] AHPKS0D 6e14
* Leading edge disc. with time- o} g 30 ¢ eii® | OHPKSOD 1615
i 10E £ okesi o Eo OHPK 50D 3e15
over-thresh correction (NINO) ": E 50 L 00 st
100 P Eloctrode
905, 10 & HPK 50D 1e15 -30C
* Single particle resolution m}% ooz 0 { , JEHPKE0C beas
in situ: down to 80 ps ) SR P ST T PY FRITET | 0 2E+15 4E+15 6E+15 8E+15

b Fluence [n/cm?]
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HL-LHC Timing Detectors (Beamspot: o, 9 cm; o, ~ 0.2ns
200 pile-up: 2017-03-16_HLLHC-TC.pdf)

Use timing to help identify tracks with correct vertices

Barrel Timing Layer (BTL) ?A TLAS
A7 |yso crystals + SIPM R/O (S0 o &

Cover

Off Detector [N
4 Si Layers [if B4
Kl 1lm2padsf] "™

Endcap Timing Layer (ETL)
LGAD or Hyper-Fast-Silicon
deep depleted APDs

Barrel Timing Layer (BTL)
LYSO crystals + SiPM Readout

Neutron Fluence

<2x10'# n/cm?

-------

ndcap Timing Layer

EC HGTD Detector/ Z=3485mm,
Rin = 98mm, Rout = “960mm

(Lectures by Christopher Tully at https://indico.cern.ch/event/633343/)
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CMS Tracker Upgrade

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 pym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :38T .

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

BILPA
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Outer trackers need radiation hardness of current n-in-n pixel sensors at fraction of the cost

CMS Tracker Upgrade

> ATLAS/CMS: n-in-p strip technology Many large

0,1 0,2 03 04 05 05

07 08 09 1

L1o12 1,3 14 L5

I:' _.'I ;." Il.,-"’ / / / / // /,’ ///" //' /,/"//,/"'/‘_ 16

= T L LA ~— %  produced for
o ) }, 1 }, | | —i bothATLAS
o f —— 23
g B o = g 2 [ Il d=1Tl=—% and CMS
Inner Barrel || —__— _ -—_ | I | | I |
() - :' i l' ) l' " Endeap Phase-1
Pixel Barrel = #l i —inner Discs {1
=— (TPB) {(no)
p Plntlaéne:’p kS e
(TPE) L
Greatly reduced In CMS design driven by requirement
material in tracking to identify all tracks with P;>2GeV at
volume *+40MHz as input to L1 trigger ...
o8 1.0 1.2 14
ez WS
¥ N s oy )
_—————— || |
i — | I
R I T T . i i
s 1l y I Iy
B — 2TVRHD DD B D B W ::n il ::u ::u
N N T T O T S L
200 P
05 500 ed e mo w0
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area sensors

; Interest in larger
(8”) wafers

particularly for

|\ forward regions

(and HGCAL)

20
2z

24

26

| 28
[ 2o
[C a3z

4.0
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CMS Tracker Upgrade

Paired layers with short strips (outer radii) and
long pixels plus short strips (inner radii)

CO2 cooling SSA/MPA ASIC
CBC ASIC €— based on pixel Phase 1 65 nm being designed
130 nm dev. 100kW power

cammon with ATLAS

Concentrator ASIC
130 and/or 65 nm

Strip-Strip module
fail

high transverse
momentum

GBT 65 nm & Optical Link

DC-DC conversion dev. low power - compact

based on pixel Phase 1 packaging wo connector - based on f E
common dev. with ATLAS common dev. for LHC experiments v
low transverse
& - momentum
— ey .
e s : : , . “stub
Flex hybrid - Flip-Chip assembly - possibly TSV for inter-chip connection
oo 02 n4 D& oa 1.0 1.2 1.4
16
E o0
5cm x 10cm silicon strip sensors ‘DWI: ' e B et g | | | 18
e strips: length 2.5cm, pitch 100pum - | | | | | ||
« AC coupled with poly-silicon bias 4 : . » . . I | | =
resistors _— . .| | | | 22
800 — |
- . P DBV RD L L B % N Iy It Iy Iy It |- 24
5c¢m x 10cm silicon macro-pixel sensors Iy I, Iy [ Iy | 28
. . . I | I [ Iy,

. L RN T T Uy ) I _ 28
 strips: length 1.5mm, pitch 100pm Fe SRR Y TR NN ”:: |:_ " i " [ 20
* DC coupled with punch-through .- BB % %W % I | [- 32

biasing = 4.0
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ATLAS Tracker Upgrade (ITk)

New All Silicon Inner Detector (200m?, ~10'° channels)

—=1200
E I FOT XM QU omy! I
o | Not {0 be-used a5 an indication.of the final

1000 = mﬂ I — Iiﬁr—rﬁﬁﬁ

800

600

N
400 L . L L L L ||

200 ‘ ‘

— e W —

T T 1
-1000 0 1000 2000 3000

T T R R
-3000 -2000

DC-DC .Q._’
converter ’._..

Wire-bonds

Glue\

hybrids

modules

i,

Sensor

i I 1
1400 mm
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ATLAS Tracker Upgrade (ITk)

Single-sided modules
sandwiched around
low mass structures

Powerlng (DC/DC strip, Serial
pixel), HV multiplexing, CO,
embedded cooling, low mass

modular supports & services ATLAS Forward
3 Wedges and Discs

(4 row wire bonding)
in 130nm CMOS with Module

LO/L1 functionality with
on-board

DC-DC converter

wire ,J;;
bonds © f-!

1400 mm
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HL-LHC Radiation Hardness

depletion

3D

e Hybrid silicon detectors (pixels strips) efficient & = = ATLAS Simulation E
E —F— T 1017 %
even at HL-LHC doses N T S
_ o 1.2x10%n/em? | | &
RD50 R LPivel N =B - 10° g
) n* strips s, Strips 5
ATLAS T I 1 n . 0 . o _-' . - 40 1 9x1016n /cmz :ﬁ'
. 2 5 e o ° eq 10" =
CMS _ x| oS - B = 2] Pixels =
LHCb & | “ioso e
£ 151 z[em]
S #— AT Neutrons
- — ——A—AZ Z0.Mel/ Protons._ — - =L . L oAy —
L g —A—A726MeV Protons 8 NERY ATLAS Simul &
8 —&— A7 Pions e X , ITh Ing —
= B A12A Neutrons M 100 8
a - @ -A12A 70 MeV Protons s
51 --W--A12A 26 MeV Protons @
- @ -A12A Pions ‘o
. .l. .A12A 800 MeV Prot[;ns 10F S
oL S A TR 5x10°Gy £
1 10 =
Fluence (10" Neq om’) o CERN-LHCC-2017-009
 For pixel layers: =777 LA Published 30/6/17
. . § 05 . * 10
microelectronics : }
90F
(65nm CMOS - :106 . irradiated ol %0.9;5 —71— AT—" - é g
L & j-m tl ic 4 @e 2610 ngom® at KIT _—g 096: K E
- q0 " [ 77
RD33) canstart —/pianarnin-p |- == ocienm 3011
to see significant . sopm pixels | £.50[1m|pixels -7 3 :
deterioration at O e ) % T e ed 2 hesi
- —a— &=10, 1.0 ke, 0° o b

arXiv:1707.01045

o
Planar n-in-p

part|CUIar|y |n PMM ,WE: 7 ke ”'85”'20”'40‘"E.o'‘'ao"'ui)o"';;izo"'1.j,0"E Lower V Slmpler

1Grad (=107Gy) S Y St

A Voltage [V]

transistors with further " / 4-‘f"https://indico.cern.ch/event/468486/
temperature, bias and g, Fecerico Faccio —> Also need rad-hard data links

manufacturer dependence ™ =~ - with up to ~40 hits/cm? each 25ns
04/10/2017 BILPA 25



https://indico.cern.ch/event/468486/

Future Circular Collider

E = --_r'.-'. W=t - . g -

5

- ¥ = ik "‘
B 2013 update of the European Strategy for Particle Physics

"Europe needs to be in a position to propose an ambitious
post-LHC accelerator project at CERN by the time of the next
Strategy update, when physics results from the LHC running at
14 TeV will be available.”

"CERN should undertake design studies for accelerator

projects in a global context, with emphasis on proton-proton
and electron-positron high-energy frontier machines. These
design studies should be coupled to a vigorous accelerator
R&D programme, including high-field magnets and high-
gradient accelerating structures, in collaboration with
national institutes, laboratories and universities worldwide."


http://cern.ch/fcc
http://cds.cern.ch/record/1567258/files/esc-e-106.pdf

Schematic offan
80 - 100 km

Iong tunnel

A4\ cBan
b C Doglioni, G. &
M. Koratzinos
CERN
M. Benedikt, E. Delu
J. Gutleber, D. Hudsi
C. Potter, F. Zimmermann

SCIENTIFIC ORGANIZING
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FCC Coordination Group

A. Ball, M. Benedikt, A. Blondel,

F. Bordry, L. Bottura, O. Briining,
P. Collier, J. Ellis, F. Glanotti,
8. Goddard, P. Janot, E. Jensen,

J. M. Jimenez, M. Klein, P. Lebru

M. Mangano, D. Schulte, m&ﬁ
F. Sonnemann, L. Tavian,

1 W!nninier, F.Zimmermann.

-
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Participating Institutes
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Lancaster

C, Daresbury, Warrington

< UBIRM, Birmingham >
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FCCWEEK 2016

International Future Circular Collider Conference

ROME 11-15 APRIL

fccw2016.web.cern.ch

ORGANISING & SCIENTIFIC PROGRAMME COMMITTEE:
] a

F=ROMA
+ @ e o1eee [

BILPA

468 participants

FCC Programme

Follow ~ FCC ~ Opportunities =

Publications ~  English + Signin  Directory

hh: pp and AA
e*e": Higgs factory
eh: ep/eA options

NUR'

(El AM 'ﬂ@@ff@

@Y
W,

> bing

109 Instltutes

534 participants

//i FCCWEEK2017

QIEEE 5
csc e ® DPG .

Future Circular Collider Conference

SN BERLIN, GERMANY

29 MAY - 02 NE
fcew2017.we .ch

April 9-13 2018:

FCC week Amsterdam
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FCC-hh Parameters

Luminosity L [103*cm2s1] 5 20-30

Background events/bx 170 (34) £1020)204)

Bunch distance At [ns] 25 (5)

Bunch charge N [1011] 1(0.2)

Fract. of ring filled ng; [%] 80

Norm. emitt. [um] 2.2(0.44)

Max € for 2 IPs 0.01 0.03
(0.02)

IP beta-function f [m] 1.1 0.3

IP beam size ¢ [um] 6.8 (3) 3.5(1.6)

RMS bunch length o, [cm] 8

Crossing angle [cL] 12 Crab. Cav.

Turn-around time [h] 5 4

10!

= Reach 8fbl/day with ultir
—> 5ab™ per 5 year run

= Beam is burned quickly
= A reason to have en

nate for 25ns spacing

ough charge stored

3 4

Time [h]

5



FCC-hh Detector Concept [z G

Baseline for Conceptual Design Review [Sseral e E AR 0K | ]

https://fccw2017.web.cern.ch/

e 4T 10m solenoid
* Forward solenoids
¢| Silicon tracker

* Barrel ECAL LA}/Si-W e = \
* Barrel HCAL Fe/Sci : \ B ———— _

* Endcap HCAL/ECAL LAr Z’(40TeV)—>qq \ : /
* Forward HCAL/ECAL LAr \ —
Other options explored [Fud detectors: ton-6 | Barrel HEAL: OgE-50%/VE 0 3%|

Charged Particle Fluence @ L=30x103c¢m2s!

Barrel muon chambers: -300 cm?s? to -5oo cm?s? ]

1 MeV neutron equivalent fluence for 30ab?
R RS g ARy NN AN e RN A R

1600

1400 e

1200

1000 §

0 500 1000 1500 2000 2500 3000 8500 4000

L ( =~
(B ) e iy

Central tracker:
first 1B layer (2.5 cm ): ~1.2 20" c2s™
external part: 3 108 cn3s™

z[em] |

Enccap Muon Chambers: 10* crms™ |

500 1000

1500 20002500 3000 3500 4000

MeV neutron equivalent fluence

z [cm]

1980 19?5 1990 1995 2390 2005 2010 2015 2020 2025 2030 2035

a2l o [ 7, Y P SN DAY

|
- e :

Forward calorimeters:

0 maximum at ~5 10*® cm2 for
both the EM and the HAD-calo

0 10**cm2atR=2m

Central tracker:
o firstIB layer (2.5cm): ~5-6 107 cm™
0 external part: ~510% cm

» 20 year R&D lead-times (concept — large arrays)


https://fccw2017.web.cern.ch/
https://fccw2017.web.cern.ch/

FCC Planning and Status

Fastest “technically feasible” schedule

Very/hopelessly optimistic schedule; scenario with no cash-flow limitations
Not even consistent with HL-LHC schedule, but shows what could be achieved
Physics and performance
simulations prepared for
Rome FCC Week

g

Physics at the FCC-hh

https:/twiki.cern.ch/twiki/bin/view/LHCPhysi ncollider

16 T dipole in

LHC Modification
Ingtallation + test FCC-hh

+ Volume 1: SM processes (238 pages) arXiv:1607.01831 : —
. CE FCC-ee ring * injector ||
« Volume 2: Higgs and EW symmetry breaking studies (175 pages)  arXiv: | 606.09408

+ Volume 3: beyond the Standard Model phenomena (189 pages) arXiv:1606.00947

+ Volume 4: physics with heavy ions (56 pages) arXiv:1605.01389 : - ‘

+ Volume 5: physics opportunities with the FCC-hh injectors (14 pages) |

e Full Conceptual Design Review (CDR) driven by
European Strategy update in 2020

e FCC-hh summary volume (100-200 pages) as well as
the extensive FCC-hh comprehensive CDR volume

"Experiment and Detectors” (>1000 pages)
* November 22"92018: Publication

04/10/2017 BILPA



Circular Electron Positron Collider (CEPC)
ee ™, /s = 240-250 GeV; SPPC pp,

Energy Frontier e*e’ Facnlltles

2013 update of the European Strategy for Particle Physics

“There is a strong scientific case for an electron-positron collider,
complementary to the LHC, that can study the properties of the Higgs
boson and other particles with unprecedented precision and whose
energy can be upgraded .... The initiative from the Japanese particle
physics community to host the ILC in Japan is most welcome, and
European groups are eager to participate. Europe looks forward to a
proposal from Japan to discuss a possible participation”

Future Circular Collider (FCC)
e*e*, /5 = 90-350 GeV
1 pp, +/5:~100 TeV
Circumference: 90-100 km

| International Linear Collider (ILC) e
P ctet, /5 = 250-500 GeV (1 TeV) s O
: Length: 31 km (50 km)  .)a o

drive beams
the RF mwl iothe

e Ay
———— m-’ﬁ’ m’m’
Jreit & ] 11 & - e e &
( ra
Jura Mourtaing ‘ m:umor
electron main accelerator lectrons n_osnmns positron main aceelerator

main beams

Compact Linear Collider (CLIC)
Tet, /s = 380GeV, 1.5TeV, 3 TeV
Length: 11 km, 29km , 50 km

- =

Silicon tracker

Vertex detector

Forward
detectors ILD
Fine grained Property ILC cLIC
calorimeters VE B00GeV  1TeV 380 GeV 3TeV
S d 5 Repetition rate 5Hz 4Hz 50Hz 50Hz
12.8m upercmj UCtINg  Train duration T27ps  897ps 178 ns 156 ns
’ solenoid, 4 T BX / train 1312 2450 356 312
Bunch separation 554ns  366ns 0.5ns 0.5ns
Duty cycle 0.36% 0.36% | 0.00089%  0.00078%
CHE@TIVALE@S0CEY 2omss 200ms i
Return Yoke - ®_l__ - T thok b ceale «
-+ Muon ID . — -
End i Ian‘.H’Jhl‘.I'-I ) ""-\\\
na colls o =
<. > FCAL ECAL

u.'m_-, /554ns Yoke/ Muon  HCAL


http://cds.cern.ch/record/1567258/files/esc-e-106.pdf

ILC/CLIC Inspired Pixel Technologies

(See Vertex 2016 https://indico.cern.ch/event/452781/sessions/208678/#20160930)
* Demands of ultra-low mass, highest resolution, low power and fast time-stamp
* A wide range of technologies with many years of development:

VERTEX 2016:
° DEPFET (see also BELLE-II) 1 Goldstein
* FinePixel CCD Spatial resoluti'on: highly granular sensor: AG Besson
. . . Ogy ~ 3 um (pitch ~ 20 pm)
* Thin Planar sensor or HV-CMOS Hybrld (C3PD)+CI—ICP|X multiple scattering : very low material budget:
*  Monolithic CMOS 0(?-1;A>Xo/|:aver) |
. . . . Single bunch time resolution
e Vertical integration with TSVs (FNAL 3D) 5 1t layer: ~ 5 part/cm?/BX > few % occupancy
g Chronopix Power dissipation ¢ preferably gas cooling
. . <130pW 2(pP ling, ~3% dut |
 Sol for Fine Space and Time (SOFIST) —> <130uW/mm? (Power cycling uty cycle)

* Monolithic Active Pixel Sensors (MAPS)
e  MIMOSA (developments since 2000 for ILC)

— STAR Heavy Flavour Tracker (doi: 10.1016/j.phpro.2015.05.067)
—> ALPIDE for ALICE Inner Tracker System Upgrade (ALICE-TDR-017)

— Depleted MAPS (DMAPS): (large fill factor + deep-depletion or low fill factor = low C)

ALICE ITS (<30us resolution) / S
Ch ignal
(rad-hard to 10%n,,/cm?) S & bl

2 e Fl lo16 neg MPV = 15,604 ++0.124 mV
10m 5 1 MPV =19 mV pre-rad,
| 16 mV after lel5n,,

4

: .| . T A Lﬂ
p-substrate .01+ i L

niL"n, F -

Charge signal - / .
Charge\ Electronics (full CMOS)

o7 collection by
drift and diffusion

s
W gl
s,

1 1
20 30 40 50 60
Signal [mV]

12.5 Gpixél ATLAS Both DMAPS approaches

Rad-hard to >10%°n,,/cm?

p-substrate



https://fccw2017.web.cern.ch/
https://indico.cern.ch/event/452781/sessions/208678/#20160930
https://indico.cern.ch/event/452781/sessions/208678/#20160930

Calorimetry and Particle Flow

e CALICE (Calorimeter for ILC)
* Fundamental concept:

 Particle flow

e Associate energy
deposits with
charged particles o

— Drives granularity requirements

e Allows “tracking” of neutrals

* ALICE FoCAL <

ALi(ed

Calorimeter for ILC

PFA Calorimeter

* Tungsten-Silicon sampling EM Calorimeter

Main characteristics: |

EC-E - 28 active layers, silicon sensors
/ EC-H - 24 active layers
8 silicon sensor
16 silicon (high 1) + scint (low 1)

ECAL: 25 X,, ~1.3A; HCAL: 8.5\

EC-E total weight =18.5t

~ | EC-H Absorbers material:

: St.Steel, weight = 170t
Front Shielding weight = 0.8t

Total weight of Endcap = 253t

04/10/2017 BILPA

Key Parameters:
* ECcovers 1.5<n<3.0

Full system maintained at -30°C
. f silicon sensors
* ~500m? of scintillators
»  6M si channels, 0.5 or 1 cm? cell size
+  ~22000 si modules
+  Power at end of HL-LHC: ~60 kW per
endcap

i
Silicon pads to withstand doses
up to 10'%n/cm? and several MGy

33



Silicon Based Detector Evolution

=+ * CALICE/FCC (Tpixel)

MAPS EM-Calorimeter PFA Calorimeter
107 ALICEITS = ‘;{gﬂgdes:
= 10m2 MAPS “.'." cMS
g 106 “““ *
E 10° CcMS ’.“" §
» ATLAS B ’," >
£ 10* S =
E ““'= CMS strllps S
] “" ATLAS strips S
8 10 o ® =
5 LEP  cprm  FERMI ~
= ~Babas ™ o
8 102 - .""l AMS
2 oﬁﬁ"-. o E /PAMELA O
E 10 }MAEKH NOMAD (93 — L
7 @ cintilator | MAPS
10° 4 —= : . - ! m S :
1980 1990 2000 2010 2020 2030 e * CALICE/(FCC)
Year — CMS HGCAL. up'g‘P;c;es: SiW EM-Calorimeter
cMs "“:(?I\—/IL?S
Need detector costs to scale 100 | FERMjs™ <
with Moore’s law. — copn | JATUAS = |
. . E 10 . e >
For sensors, more likely with DELPHI 97 o m =
. 2 CDF ** ALICE
fully commercial processes € 4 . m e hAbs 1 Q
. o' .
such as CMOS Imaging Sensors g o DELPHTEE 7}
. o o ““ ~
(MAPS) as used in mobile = 0 N . S
@
phones, cameras etc. 001] st o
(Need « $/cm?) . o
1E-3 & 0

T = T o T o T . T v T 4 T N 1
1960 1970 1980 1990 2000 2010 2020 2030
Year
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Microelectronics/Computing Evolution

Microprocessor Transistor Counts 1971-2011 & Moore’s Law

10000 ET T T T T T
2,600,000,000 -
1,000,000,000 - 1000 E
Data Storage
100,000,000 - 100 E
£ 10000000 e st § o >
8 WO years 2 F E —
; = ! S5
2 1,000,000 o & 1g 3
= o F E
] y
[ 0386 [ }
100,000 01t E Q
- >
4 0.01 E -
10,000 3 E [V,
2,300 ~
0.001 EL ] 1 ] 1 | 1 O
19‘71 19‘80 19\90 20|00 EOIH 1980.1 1985.1 1990.1 1995.1 2000.1 2005.1 2010.1 2015.:
Year §
Date of introduction 10° - : ‘ :
; o © ADMS Design AB, www.admsdesign.com 5
100,000,000 - 107 3~ gan e s 8
10,000,000 - I h \“‘"&waz’ﬁl. r?
| 10?7 [oron e - Qyrumamotg . [Trend fit o all data) <
1,000,000 | S Y .
10 ... N Bran
100,000 - 2
2 _ g .
S © 10,000 = q0° L
B c .
28 1000 Bandwidth o
c [%5) N
QL 100 'ADC p.l/(
ST "
+= o 107
[«b) F
eg :
Qo 107 ‘ ‘ . .
-IE ~— 1 1980 1985 1990 1995 2000 2005 2010 2015
= 1983 1988 1993 1998 2003 2008 2013 Year

All these figures showed doubling times of < 2 years up to now. Some scalings will stop, but different
improvements conceivable. Can still hope for major detector improvements and enhanced TDAQ plus
computing capabilities. However, storage and CPU costs not expected to continue to scale this fast.
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Accelerator and Reactor Neutrinos

https://en.wikipedia.org/wiki/List of neutrino_experiments gives over 50 experiments

(but this list does include neutrinoless Bp decay and neutrino observatories)
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https://en.wikipedia.org/wiki/List_of_neutrino_experiments
https://en.wikipedia.org/wiki/List_of_neutrino_experiments

Accelerator and Reactor Neutrinos

https://en.wikipedia.org/wiki/List of neutrino_experiments gives over 50 experiments
(but this list does include neutrinoless Bp decay and neutrino observatories)
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https://en.wikipedia.org/wiki/List_of_neutrino_experiments
http://cds.cern.ch/record/1567258/files/esc-e-106.pdf

Long Baseline Neutrino Detectors

* The issue of scale associated with current and future neutrino experiments
introduces a very different set of challenges: Single Cell t ;

- To APD
Readout

a Scintillation

gt

Totally active, liquid scintillator, surface detector Sl
396 alternating X-Y planes 16mx16mx55m ey @
“Largest Plastic Structure built by man” . P
ﬁ‘.{ Fglarti-cl-'e
A Trajectory
Deep Underground Neutrino Experiment
Rasamch Fachy |
Lead, South Dakota Waveshvf!mg
Y ; Formilab Rescarch Faciity Fiber Loop
1----.-,.._,__I_r__"_h_"z_n miles ) @ ‘I.h"-"""""'"--f-..._.,_..__
*i'gcmﬁ.ﬁcm
SUAE
N, V -
\
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Long Baseline Neutrino Detectors

http://www.dunescience.org/neutrino-detectors/

Deep Underground Neutrino Experiment
conford U (Many short-baseline

al In e_rgmurld

Py, and demonstrators*)

i o

Sanford Underground

Fermilab Research Facility

Batavia, lllinois
e, .
=r——g)

Fermilab

174 Institutes from 30 countries
ORTAIE Ty1v Ngordl UNIVersity

Pl A ) United Kingdor': Univ. of Birmingham;|Univ.
of Bristol; Univ. of Cambridge; Daresbury

_—
Laboratory; Univ. of Durham; Imperial

* 2 technologies for far detector
» Single phase TPC
» Dual phase TPC
* high resolution tracking,
calorimetry, PID via dE/dx

Field cage suspersion
chimneys

— e NS

=S\

Anode wire planes:
Uy v v

it

Liquid Argon TPC

‘  Single phase TPC cathode planes biased to -180kV

6 e LAr scintillates at 128nm > drift time t,

i ! * Dual phase:

a » vertical drift and multiplication in gaseous phase improves
_' ‘_ | signal/noise with reduced number of R/O channels

> vertical drift over 12m requires ~600kV

Eqwire ~ S00V/em ' Yme

— — Many challenges of scale for both detector concepts

Cathode
Plane

o

vt
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Long Baseline Neutrino Detectors

260 kton ultrapure water

)

AT P
R i Vo
. g
e,

Hyper- ~
Kamiokande
* New 50cm PMT completed

x 2 single photon efficiency '-
x 2 timing resolution ' ]

X 2 hydrostatic pressure tolerance
(all w.r.t. Super-K PMT) 0

| Single Photoelectron (PE) Charge

* Hybrid-Photo-Detector | | #eceominenr Supre-k " 53%
. QE = 31% sample = . Box&Line 35%
(HPD): R&D development i , 'izHPD 10%

%, (Limited by

preamp noise)

with avalanche diodes t L

P Super-K PMT average
| ;“,4" (Hamamatsu R3600, QE = 22%)

L g e

04/10/2017 BILPA

e Tank : 60 m tall X 78 m diameter

Entries (a.u.)

190 kton fiducial mass : 10 X Super-K

Innermost main volume viewed by
40,000 of new 50cm photo-sensors

Improved photon sensitivity: 2 X Super-K

Second tank as upgrade path (6 yr later)

J-PARC

Accelerator Complex

Single Photoelectron Time

FWHM
Super-K 7.3 ns

Box&Line 4.1 ns
%, HPD  3.8ns

H (2ch 20mm® AD)
w2 (0.6 ns in simulation)
%

H FH
& 5,
oty ¢ e, N
5 0 5 10 15 20
Time [ns]
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Reactor Neutrino Detectors

- Electronics Daya Bay

Calibration o Liquid
+ . .
o e ) o= Scintillator
pilot plant s |
Central detector IR Linear alkyl benzene (LAB) as solvent
SS latticed shell - AT [PEEpsSS 2,5-diphenyloxazole (PPO) as fluor
Acrylic sphere iR (ID: 35.4m -bis-(0- -
it) ,Jf’: - LLak Irl S | | !:)IS (o-methylstyryl) benZ(.ene
_— : {fmms : s . (bis-MSB) as wavelength shifter
. ssisoa 2D 20.1m UC/PC ~ 2.7 x 1072 Technologies to achieve
a,'_i-..;.u_._.._j'.,_._ e e .: OD: 41.1m ired radi ity:
o8 '.‘!u'" . "":F‘ ik .’ S5 ; | 238 (BI-PO 214) reqU|re ra |O'pur| y
B S, R Y P i dier poo -
Water Cherenko ' \D: 43.5m <9.7x10%g/g (95% CL) A|203 column,
Height: 44m . 1cti H iNni
R Lo : e enh: || T (Bi-Po 212) distillation, gas striping,
; s 3.5m <1.2x10*°g/g (95% CL) |water extraction
JUNO il N G “K no evidence (TBD) Levels achieved at
Detectors 2 Pool 1D:43.5m J - Borexino: N. Rossi
AS: Acrylic sphere: SSLS: stainless steel latticed shell Ar << PKr (Neutrin02016)
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Neutrino Experiment Photodetectors

20” Micro-Channel Plate PMT for JUNO

* Higher QE: transmissive photocathode at top
plus reflective photocathode at bottom

* Less shadowing effect

* Easier production: less manual operations and
steps

Large area (24 cm?) single-channel, SiPM-based
cryogenic (77K) photodetector with single photon
sensitivity (https://arxiv.org/abs/1706.04220v2)
* Single photon counting with signal to noise >13
* Dark rate lower than 4 mHz/mm?
* SiPM photon [}
detection
efficiency

04/10/2017

Liangjian Wen TIPP, Beijing, 2017 s

«me.  IMCP Principle

CHANNEL WALL

OuTPUT
INPUT ELECTRODE
ELECTRON
Pa— =

OUTPUT
INPUT ELECTRODE ¢ ELETRONS

[ST“‘P CURRENT | Reflection PC - Transmission PC

4‘}"4—

: Wavelength QE

ki) (%)

300 | 2632153

410 26.038

420 25.4807

430 2447673

440 234516

430 22376435
o FE
o 0 1 2 3 4 L g 7
ol 1 1 1 1 1 1 1 1
g oo i ﬁ: m ?“::1; G
54 . : p
= d 00 : ‘. } i
& HH T L]
ol 1 ; i
U
= [] " 7] " 100 " 150
i Filtersd Peak [2.u.]

EFig. 11. Photoelectron spectrum of the full 24 em? detector calculated
using a matched filter. The solid lines represent a gaussian fit to the
photoelectron peaks.

BILPA 42


https://arxiv.org/abs/1706.04220v2
https://arxiv.org/abs/1706.04220v2

Non-accelerator and Low Energy Searches for
Rare Processes

Facilities

* Underground laboratories for Dark Matter searches

* Underground laboratories for neutrino-less double B decay

* No and low energy accelerator ultra-rare processes (eg g-2,COMET, Mu3e, edm, ...)

Some Key Techniques

* Tracking semiconductor detectors
e Gaseous tracking detectors

e Scintillating Fibres

* Sampling Calorimeter

* Homogenous Calorimetry

e Superconducting Detectors

* Liquid Noble gas

* Liquid Scintillator

04/10/2017 BILPA
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Underground Experiments for Dark Matter

e Huge variety of DM experiments with small and rare signals as
ionisation, scintillation light, phonons or various comblnatlons

thereof. BN il | e m 4
A s e |
%; [ Dll“-‘l:!l;:;i é
S oof s :
* Need extreme control of background §" "ﬁ%, '
sources (radiopurity) coupled with § *LThi conference 4
high sensitivity and discrimination of ~ §*'t/7/ 1 &
. . % 107 SRR S S 1 -
signal from residual backgrounds. 2 0 L3
8 10° 00herent‘Neutrlno Scallering on ano Y
05 1 2 3 45678910 20 30
s s Dark Matter Particle Mass (GeV/c?)
Detectio_n metods: Crystals (Nal, Ge, Si), _wugf;;;:gg;gy‘; . | Tracking: CRESST CawoO, : .
Cryogenic Detectors, Liquid Noble Gases =XF "™ ./ | DRIFT, DMTPC crystals (10mK) largest LXe TPC ever built
MIMAC cylinder: 96 x 97 cm
NEWAGE active LXe target: 2.0t (3.2t total)
CoGeNT, CDEX, lsilll)pEIi(X:V])El\I/ISSS 248 PMTS (Hamamatsu R11410-21)
Texono, Malbek, Ei:z?é‘:'eated World leading bkg level: 0.2x107 evt/day/kg/keV
DAMIC COUPP — PICO Ty
PICASS
SIMPLE
[xeNoN]Lux/LZ, e —
ArDM, PandaX, - e SN -
Darkside, DARWIN
710 2030 ijllgom;:i:[Gerc%ml) 2000 1 é s 1% e
In next 5 years expect further
DEAP3600, CLEAN, DAMA, huge progress at both low mass A **
KIMS, XMASS, DM—Ice, and high mass range 10+ ‘
ANAIS, SABRE ) ' * wwpm;:(,clai’) ‘Sl
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Underground Experiments for Ov2p

* Many techniques also for neutrinoless double-beta decay involving many different
techniques (SuperNEMO, EXO, CUPID, Majorana, KamLAND-Zen, NEXT, GERDA, SNO+,
LEGEND, CUORE, AXEL, PANDAYX, ... but all with a requirement of high radio-purity,
background rejection, extreme detector resolution and isotope enrichment

N [Tracker |Source Foil | | Tracker |

|

Charged particle Particle mdn.udual r= i N I
Decay vertex trajectory energy and Ti . B — At ~0ns
g Y
/ At ~0 ns |
L e

& & ww-__________i/" At23ns i gt )
S %0\;,‘-' 7 « Crossing e » |- A / 4
?;5 Y e A ] A
A A0 | Calorimeters |
etore
[
. - * Need better
Chimney ' ene rgy
Corrugated Tube | I H
ol resolution to
e Zubb, TI2=238 *10°21 yr
P L — oo 2wl e e, coman EXO-200 (“**Xe)
gfﬂ' S U d|E © N\ - Suspending Film Strap e ~ | measure
; i 1 om 2 107" KamLAND-Zen ('**Xe) : 51mevl_
l\ 7 IJ'[! L~ I"hot()mulllplu:r Tube :ntr 0008 NuPhys2016-Maneschg :.% __________ o F T = Tovyz )) 1026 yr.
It ; [ Calibieati 0 April 28, 2017 2 By~ T T[T — -
|. gy | — ThO.W C alibration E OﬂDﬁi ! é | 40meV > GERDA, CUORE,
1 (it T B fuaf 10° - NEXT, EXO, SNO+,
Xe-LS 13 ton (PR o &l il oo arXiv:1605.02889v2 CUPID, LEGEND, ...
(300 kg '*Xc) 111 uffer O oL NH [hep-ex]
I m I _,"’ . ) 72| L | 2| | - 3 |
Ste B - o a ST~ ()L:IL‘F B.‘llloon o is]iom_[k;o% e 107 E“Jul 2016
150 '\ (13 m diameter) ; ' - wl - vl |I RETET R
[ S o ™ Inner Balloon Figure 1: KamLAND-Zen: 2v373 vs. 1= 107 107 107 30100 150
| Pl (3.08 m diameter) 0w 33 for present TIO/'”Q(”GXG). My e (€V)
oo vuw oo o
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Astro-particle Detectors

Huge Topic (35 space based, 23 balloon and 57 ground based experiments listed at
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html)

Facilities

e Charged Cosmic Rays (eg Pierre Auger, ...)

e Ultra High Energy Gamma-rays (eg CTA, ...)

e Ultra and Ultra? High Energy Neutrinos (eg IceCube, ...)

e Solar, Atmospheric and Supernova Neutrinos (eg Long Baseline and Reactor

Kaskade
o Auger

experiments, SNO+, INO, ...) o AL R A R RO R R R R R R R

> 10 ioR Species o) =

0 | =

Some Key Techniques B 102 -
. E _

* Tracking detectors ~ 10° =
¢ Sampling calorimeter K 10° 1 par‘EiEle i yearabove 10'% eV E
* Liquid Noble gas - =
e Liquid Scintillator o Tibet
107 —

* Air/Water/Ice/rock
* Cherenkov and Fluorescence
* Large scale engineering

107

1 0-20

102

1078

T
.
oo
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o
o bl

10

109 1010 1011 1012 ,I013 ,ID‘M 10‘15 1018 ,IO‘H' 1018 1019 1020
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g2014
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)

1v2
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arXiv


https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html
https://www.mpi-hd.mpg.de/hfm/CosmicRay/CosmicRaySites.html

Detectors for Cosmic Rays and UHE Gammas

Loma Amarilla

Coihueco

1660 Surface /-
Detectors (Wate

Cherenkov) / -
Updinacsidude o n s
Scintillator Bars

H-IIB
Support
Equipment.

4 Stations of
6 Fluorescence Detectors

Los

Morados |

= Missio
E‘ Operation

— Control
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10

PIERRE
AUGER

OBSERVATORY

Measurement of Cherenkov
light with telescopes

k

BILPA

Measuring cosmic-ray and gamma-ray air showers

=+—— First Interaction (usually several 10 km high)

Air shower evolves (particles are created

< and most of them later stop or decay)

Mleasurement of
flucrescence Hght
Some of the particles (Fly’s Eye)

reach the ground

Measurement with seintillation counters J

- ;

=z Measurement of low-energy muons
with scintillation or tracking detectors

L

Mleasurement of particles
with tracking detectors

(with drift chambers or

Measurement of high-energy
streamer or Geiger tubes)

muons deep underground

(21 L9999 K Bernlihe

(a

cherenkov
telescope
array
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Ultra High Energy Neutrinos

Southern Hemisphere:

IceCube
laboratory

SO0m— Eiet
(164 ft) -

1450 m
4760 ft)

2450 m l
8040 ft)

2820 m
9250 ft)

bedrock

Askaryan effect

neutrino/CR

\ hadronic cascade

shower front ~10 cm

e-and y scattering:
negative charge excess

coherent Cherenkov emission
<3 GHz

04/10/2017

IlceTop
80 stations, each with

Northern Hemisphere:
KM3NeT collaboration megaton-
scale neutrino detectors 2500m

.2 IceTop Cerenkov detector tanks

/2 optical sensors per tank

// 320 optical sensors

IceCube array

86 strings including 6 DeepCore strings

~ 60 optical sensors on each string

5160 optical sensors

Amanda Il array
(precurser to lceCube)

DeepCore

energies, 360 optical sensors

| Eiffel Tower

ARA/ARIANNA (array in ice)

ANITA (Antarctica from balloon)

LOFAR/NuMoon/AUScope

LUNASKA Parkes (the Moon as

an U2HE neutrino detector)

IceCube (Polo Sud)
00% @ 100%
"

S e

__ 6 strings-spacing optimized for lower

BILPA

depth in Mediterranean.

KM3NeT (Mediterraneo)
O<25% O25%-75% @
0

Precision IceCube Next Generation Upgrade

324 (1063 Energy threshold of a few GeV, able to disti
and inverted mass hierarchy at 3o significance with ~3.5 years of data

>75%

---------

se

----------

s

aaaaaaaaaa
----------

----- ©7 10DOM's
® 10 m spacing
3J 17501850 m

®

.
M
3 dustlayer

¢ ¢ & |DeepCore PINGU
¢ ¢ ¢|50DOMs 60DOMS
g

osoonoc0000

7 m spacing
S 3 [ 2107-2450m
s 8

PINGU wiil deploy 40 new strings at the center of iceCube.

nguish between the normal

10" — =
i neutrino \ | F]
- flux limits [ 3
] —~
- | a

10° | —
@ LUNASKA =T -
o Parkes \ =
£ =
> 8 Parkes PAF—" \ 'a,
-g'l 10° ¢ (future) '_1;
£ i
o S
—

i}
5 10 =
- ANITA-2 =
x e/ 3]
% e S S
Z ' S
LoqofL model N
a fluxes &
£ 1
a 10° il L o L ,4"’7 =
10" 10% 107 10% 10% 104 =

Energy (eV)
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European Committee for Future Accelerators (ECFA)
Detectors Panel Survey

* Only a fraction of different experiments and techniques covered

e List of facilities is one way of grouping the different styles of experiments

Another possibility is a taxonomy of technologies:

Pixel sensors (silicon: hybrid, monolithic)

Inner tracking (silicon)

Inner tracking and muon tracking (gas: MPGD, wires, TPC, straws and drift tubes)

Scintillating fibre tracking awourmz [l RO vy
Sampling calorimetry (scintillators) SYSTEMA :—

Sampling calorimetry (liquid noble gases) NATURA |

Pen i
REGNA TRIA NATURZ, ! : il

Sampling calorimetry (high granularity particle flow)
Homogenous calorimetry (crystals, plastics)
Fast timing detectors (semiconductor, crystal/scintillator, gas)
Detectors exploiting superconductivity
Particle Identification (Cherenkov plus efficient single photon detection)
Large volume liguid noble gas for track and energy reconstruction

. Large volume liquid scintillators for timing and energy reconstruction
Air/Water/Ice/Rock Cherenkov and fluorescence detection (light, sound, Askaryan effect)
Custom microelectronics and other front-end electronics
Data links and optoelectronics
Mechanics, large-scale engineering, cooling and services
Trigger, data acquisition and computing
.... everything I've forgotten
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1.a (Si)
Vertexing
(& Lumi/FP)

(inlc muons)
bre
Calo

1.f Calo
oble

Calo
100)
homogenous

1.i Fast Timing
(Si, gas,
scintillator)
1.k Particle ID
RICH

1.0 FE
Electronics &
Interconnect
1.p Data links
(incl opto-
electronics)
1.q Mech,
cool, services
1.r TDAQ +
Computing

Rad-hard (pp)
Low mass (AA)
Data rate (pp)

Area/cost
Radiation (pp)
Area/cost

Hit rate, aging
Radiation incl
photodetectors
Radiation
Granularity
Charge collection
time

Area/cost
Resolution

Radiation
Granularity

Radiation,
Speed, Rate
Area/cost

Volume
Area/cost
Radiation
Cost/channel #
Power

Radiation
Cost/channel #
Low mass

Low mass, reliable,
stable
Cost, Speed

Commercial
Solutions

Low mass
Fine pitch
Time stamp

Low mass
Area/Cost
Volume (TPC)

Granularity
EM Resolution

EM Resolution

Area/cost

EM Resolution
Granularity
Time
stampArea/cost

Volume
Area/cost
Channel #,
Power, fine-pitch

Channel #
Low mass

Low mass, reliable,
stable

Cost
Channel #

Fine pitch
Low mass

Area/cost

Area/cost
Hit rate

Granularity
EM Resolution

EM Resolution

Area/cost
EM Resolution

EM Resolution
Granularity

Area/cost

Volume
Area/cost
Cost/channel #,
Power

Channel #
Low mass

Low mass,
reliable, stable

Cost, Speed
Commercial
Solutions

BILPA

1. Collider and Fixed Target

List of key technology challenges in the context of different facilities

1.1 (hadron 1.2 (lepton 1.3 (lepton-
collider collider hadron

1.4 (fixed
target
Fast R/O
Fine pitch
Radiation

Radiation

Hit rate

Efficiency

EM Resolution

EM Resolution
Speed

EM Resolution

EM Resolution
Granularity
Speed
Sensitivity

Volume
Area/cost
Speed/ data
volumes

Speed/ data
volumes

Low mass,
reliable, stable

Speed/ data
volumes

Monolithic devices incorporate
electronics. Time structure dictates
on-detector R/O.

Can be few 10'*n,,/cm? radiation
levels

Industrialisation of gas micro-
pattern detectors

Photodetector radiation hardness
Timing for ToF or pile-up mitigation
Rate capabilities

Particle Flow Analysis (EM
Resolution?)

Timing for ToF or pile-up
mitigation

Primary vertexing.

Time of Flight for lower momenta
PID

Efficiency for single photo-detection

Prototyping costs for deep-sub-
micron engineering runs

How to exploit commercial
developments?

Large-scale magnet systems

Is Moore’s Law safe forever?
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1.a (Si)
Vertexing
(& Lumi/FP)
1.b Inner
track (S
(inlc muons)
1.d Sci
Calo
oble

Calo
Calo
homogenous

1.i Fast Timing
(Si, gas,
scintillator)
1.k Particle ID
RICH

1.0 FE
Electronics &
Interconnect
1.p Data links
(incl opto-
electronics)
1.q Mech,
cool, services
1.r TDAQ +
Computing

Rad-hard (pp)
Low mass (AA)
Data rate (pp)

Area/cost
Radiation (pp)

Area/cost

Hit rate, aging
Radiation incl
photodetectors
Radiation
Granularity
Charge collection
time

Area/cost
Resolution

Radiation
Granularity

Radiation,
Speed, Rate
Area/cost

Volume
Area/cost
Radiation
Cost/channel #
Power

Radiation
Cost/channel #
Low mass

Low mass, reliable,
stable

Cost, Speed
Commercial
Solutions

Low mass
Fine pitch
Time stamp
Low mass

Area/Cost
Volume (TPC)

Granularity
EM Resolution

EM Resolution

Area/cost

EM Resolution
Granularity
Time
stampArea/cost

Volume
Area/cost
Channel #,
Power, fine-pitch

Channel #
Low mass

Low mass, reliable,
stable

Cost
Channel #

Fine pitch
Low mass

Area/cost

Area/cost
Hit rate

Granularity
EM Resolution

EM Resolution

Area/cost
EM Resolution

EM Resolution
Granularity

Area/cost

Volume
Area/cost
Cost/channel #,
Power

Channel #
Low mass

Low mass,
reliable, stable

Cost, Speed
Commercial
Solutions
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1. Collider and Fixed Target

Aspects of some areas are the topics of dedicated international R&D programmes

1.1 (hadron 1.2 (lepton 1.3 (lepton-
collider collider hadron

1.4 (fixed
target
Fast R/O
Fine pitch
Radiation

Radiation

Hit rate

Efficiency

EM Resolution

EM Resolution
Speed

EM Resolution

EM Resolution
Granularity
Speed
Sensitivity

Volume
Area/cost
Speed/ data
volumes

Speed/ data
volumes

Low mass,
reliable, stable

Speed/ data
volumes

Monolithic devices incorporate
electronics. Time structure dictates
on-detector R/O.

Can be few 10'*n,,/cm? radiation
levels

Industrialisation of gas micro-
pattern detectors

Photodetector radiation hardness
Timing for ToF or pile-up mitigation
Rate capabilities

Particle Flow Analysis (EM
Resolution?)

Timing for ToF or pile-up
mitigation

Primary vertexing.

Time of Flight for lower momenta
PID

Efficiency for single photo-detection

Prototyping costs for deep-sub-
micron engineering runs

How to exploit commercial
developments?

Large-scale magnet systems

Is Moore’s Law safe forever?
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1. Collider and Fixed Target

Aspects of some areas are the topics of dedicated international R&D programmes

Technique 1.1 (hadron 1.2 (lepton 1.3 (lepton- 1.4 (fixed Comment
collider collider hadron target

1.a (Si) Rad-hard (pp) Low mass Fine pitch Fast R/O Monolithic devices incorporate
Vertexing Low mass (AA) Fine pitch Low mass Fine pitch electronics. Time structure dictates
(& Lumi/FP) Data rate (pp) Time stamp Radiation on-detector R/O.

1.b Inner Area/cost Low mass Area/cost Radiation Can be few 10'*n,,/cm? radiation
track (Si) Radiation (pp) Area/Cost levels

1.c Track gas Area/cost Volume (TPC) Area/cost Hit rate Industrialisation of gas micro-

AIDA-2020: 1.1.a, 1.2.a, 1.1.b, 1.1c, 1.2¢,1.1g, 1.1.i, 1.1.n, 1.2.n, 1.1.p, 1.2.p, 1.1.q, 1.2.q
CALICE: 1.2.g

Crystal Clear Collaboration: 1.1.e, 1.2.e, 1.3.e, 1.4.e, 1.2.h, 1.3.h, 1.4.h

ILC/CLIC FCAL Collaboration: 1.2.g

ILC TPC Collaboration: 1.2c

RD42: 1.1.a, 1.2.a, 1.1.i, 1.2.i

RD50: 1.1.a, 1.2.a, 1.1.b, 1.4.b, 1.1.i

RD51:1.1.c, 1.2.c, 1.4.c, 1.2i, 1.4i, 1.2.i, 1.4.i

RD52: 1.2.e

RD53:1.1.n, 1.2.n

Versatile Link Project: 1.1.0

Apologies to other collaborations | am not aware of particularly outside Europe

1.q Mech, Low mass, reliable, Low mass, reliable, Low mass, Low mass, Large-scale magnet systems
cool, services Bl stable reliable, stable  reliable, stable

1.r TDAQ + Cost, Speed Cost Cost, Speed Speed/ data Is Moore’s Law safe forever?
Computing Commercial Channel # Commercial volumes
Solutions Solutions

04/10/2017 BILPA
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1. Collider and Fixed Target

Aspects of some areas are the topics of dedicated international R&D programmes

Technique 1.1 (hadron 1.2 (lepton 1.3 (lepton- 1.4 (fixed
collider collider hadron target

1.a (Si) Rad-hard (pp) Low mass Fine pitch Fast R/O Monolithic devices incorporate
Vertexing Low mass (AA) Fine pitch Low mass Fine pitch electronics. Time structure dictates
(& Lumi/FP) Data rate (pp) Time stamp Radiation on-detector R/O.

1.b Inner Area/cost Low mass Area/cost Radiation Can be few 10*n,,/cm? radiation
track (Si) Radiation (pp) Area/Cost levels

e Mennfenns Ml fTOEL Aunodnnst Mitons Lclutrinlisasinntonnrming
AIDA-2020: http://aida2020.web.cern.ch/activities
CALICE: https://twiki.cern.ch/twiki/bin/view/CALICE/WebHome
Crystal Clear Collaboration: https://crystalclear.web.cern.ch/crystalclear/
ILC/CLIC FCAL Collaboration: http://fcal.desy.de/
ILC TPC Collaboration: https://www.Ictpc.org/
RD42* (diamond): http://rd42.web.cern.ch/rd42/
RD50* (rad-hard silicon): https://www.cern.ch/rd50/
RD51* (micro-pattern gas detectors): http://rd51-public.web.cern.ch/rd51-public/
RD52* (dual readout calorimetry): http://cds.cern.ch/record/2255826/files/
RD53 (rad-hard electronics): https://rd53.web.cern.ch/RD53/
VL Project: https://espace.cern.ch/project-Versatile-Link-Plus/SitePages/Home.aspx
* See LHCC 10/5/17 presentations at https://indico.cern.ch/event/632309/
Apologies to other collaborations | am not aware of particularly outside Europe

cool, services stable stable reliable, stable reliable, stable

1.r TDAQ + Cost, Speed Cost Cost, Speed Speed/ data Is Moore’s Law safe forever?
Computing Commercial Channel # Commercial volumes
Solutions Solutions
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2. Accelerator and Reactor Neutrinos

List of key technology challenges in the context of different facilities

Amplification

2.e,h Solid scintillator Photodetector costs
(sampling and Material costs
homogeneous)

2.1,q Liquid scintillator

Large scale engineering
Photodetector sensitive
area and cost, Radio-purity,
Large scale engineering
Purification

and associated
engineering

2.m,q Liquid noble gas
and associated Very high voltage
engineering Large scale cryogenics
PR ELE e TN GIAY - Photodetector timing,
and associated efficiency and costs
Large scale engineering

Reliability, buffering,

engineering

2.r DAQ & Computing
dynamic range, data volume volume

High pressure
Energy threshold
Noise, Timing
Granularity
Photo-detector QE
Mechanics
Shielding

In cryostat low
noise CMOS, space
charge, FE range
Separation of pile-
up events (same
bunch), Gd-doping
Reliability, data

_ 2.1 Long Baseline 2.2 Short Baseline | 2.3 Reactor/source

Energy and spatial
resolution. Low noise.
Calibration. Shielding.

Photo-detector QE
Radio-purity, Gd
doping, flux modelling
Coherent neutrino-
nucleus scattering?

Gd-doping.
Radon.

Shielding.
Reliability

Far fewer areas coordinated by dedicated international R&D programmes
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3.a,b,d Tracker Ultra-radio-purity
Optical as well as

electrical read-out

Radio-purity

Very low material.
Isotope enrichment
3.e,h,j Calorimetry Ultra-radio-purity,
Ultra-low noise, (mK),

Radio-purity
Ultra-low noise

Energy resolution Energy resolution

3.d Liquid noble gas Ultra-radio-purity Radio-purity
Ultra-low noise and Ultra-low noise and
high efficiency high efficiency
photodetectors photodetectors

3.e Liquid scintillator Ultra-radio-purity Radio-purity
Ultra-low noise and Ultra-low noise and
high efficiency high efficiency
photodetectors photodetectors

3.r DAQ & Computing

List of key technology challenges in the context of different facilities
__ lsaiparkMatter | 3.2Rareneutrino | 3.3 Other rare decay |

3. Non-accelerator
and Low Energy
Searches for
Rare Processes

Thin, fine granularity.
Single etch GEM foils,
High rate, fast timing,
complex field

High rate, fast timing,
energy resolution at
low energies, radiation
Energy resolution
Background rates

Energy resolution
Background
rates

List of key technology challenges in
the context of different facilities

Event rates

_ 3.1 Dark Matter 3.2 Rare neutrino 3.3 Other rare decay

3.a,b,d Tracker

4. Astro-particle
Detectors

3.d Liquid noble gas

Not aware on either topic of any
areas coordinated by dedicated
international R&D programmes

3.r DAQ & Computing

3.e,h,j Calorimetry

3.e Liquid scintillator

Ultra-radio-purity
Optical as well as
electrical read-out

Radio-purity
Very low material.

Thin, fine granularity.
Single etch GEM foils,
High rate, fast timing,
complex field

Isotope enrichment

Ultra-radio-purity,
Ultra-low noise, (mK),

Radio-purity
Ultra-low noise
Energy resolution
Radio-purity
Ultra-low noise and

High rate, fast timing,
energy resolution at
Energy resolution
Ultra-radio-purity
Ultra-low noise and

low energies, radiation
Energy resolution
Background rates

high efficiency high efficiency

photodetectors photodetectors

Ultra-radio-purity Radio-purity Energy resolution
Ultra-low noise and Ultra-low noise and Background

high efficiency high efficiency rates

photodetectors photodetectors

Event rates



Conclusions

* Vast range of techniques and detection scales... from microns to the Moon (or arguably
Earth/Sun/galactic centre for neutrinos/WIMPS/axions, ...)

—  One exciting area of recent development is in 4D detectors (precision spatial resolution coupled with
accurate timing) with many applications (such as mitigating the effects of pile-up in hadron colliders by
associating tracks to vertices in both space and time)

—  Monolithic Active Pixel Sensors offer the potential of exploiting the huge commercial market in CMOS
Imaging Sensors and now there are process variants which are also radiation hard

—  Large format micro-pattern gas detectors now being manufactured on industrial scales and also being
produced as cylindrical structures

—  Liquid noble gas based detectors are opening up many new opportunities for precision tracking and
calorimetry within huge volume detectors

— Many experiments benefit from the steady improvements in scintillator and photodetector technologies
often driven by collaboration with major industrial suppliers

— Huge progress also in online data handling (trigger and data acquisition), computing and offline tools
(not covered here due to limitations of time)

* Note that typical R&D timescales are a decade from proof-of-principle to first demonstrator or
small-scale implementation and a further decade to large-scale detector realisation

* In many areas, cross-experiment R&D collaborations exist which both foster cooperation and
diminish duplication and help share developments costs (which can be challenging)

—  Still some gaps in R&D areas which may benefit from further such organisations

—  Great potential to link more closely with other sciences and application areas
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Even More Challenging: FCC-hh

(And many other specific challenges for FCC-ee and FCC-eh)

Baseline for Conceptual Design Review
https://fccw2017.web.cern.ch/
* 4T 10m solenoid

* Forward solenoids
* Silicon tracker

e Barrel ECAL LAr

* Barrel HCAL Fe/Sci
e Endcap HCAL/ECAL LAr |
e Forward HCAL/ECAL LAr
Other options explored

Charged Particle Fluence @ L=30x103c¢m2s!

Barrel muon chambers: -300 cm?s? to -5oo cm?s? ]

1600
1400 [
1200 [

E1000 [

0 500 1000 1500 209!L 2500 3000 3500 4000
z [em] l

Central tracker:
first 1B layer (2.5 cm ): ~1.2 20" c2s™
external part: 3 10° c3s

* Schedule
prepared
European
Strategy
Update
2020

Enccap Muon Chambers: 10% crm |

AT WRAE, 2 VI N N T

500 1000

1500 2000
z [cm]

1 MeV neutron equivalent quence for 30ab

Schematic of an
80 - 100 km
Iong tunnel

O

% E
Sagupun*

Central tracker:
o firstIB layer (2.5cm): ~5-6 107 cm™
0 external part: ~510% cm

500 3000 3500 4000

MeV neutron equivalent fluence |

Forward calorimeters:

0 maximum at ~5 10*® cm2 for
both the EM and the HAD-calo

0 10**cm2atR=2m
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Calorimetry and Particle Flow

Simultaneous measurement, during shower development, of:
RD52 Dual REAd-out Method . gintillation light (dE/dx charged particles)

* FCC-ee? e Cherenkov light (EM part of the shower)
+ Qg.“z Iy
* CALICE (Calorimeter for ILC) Y/ PFA Calorimeter

¥f

| Eleiron

- . Pl i
& y B s
N \
E 4 DAQ
~ N

* Fundamental concept: 4
. CALICE Testbeam

 Particle flow

* Associate energy
deposits with
charged particles ;

— Drives granularity requiremenis

* Allows “tracking” of neutrals

* ALICE FoCAL <« _ N i I
 Tungsten-Silicon sampling EM Calorimeter rec || aem | e
o CMS HGCA Mairﬁ?macteristics: [cee] [cen | Key Parameters:

ECcovers 1.5<m < 3.0
+ Full system maintained at -30°C
. of silicon sensors
»  ~500m? of scintillators
* 6M sichannels, 0.5 or 1 cm? cell size

= ~22000 si modules
Power at end of HL-LHC: ~60 kW per

¥ EC-E- 28 active layers, silicon sensors

/| EC-H - 24 active layers

v 8 silicon sensor

16 silicon (high 1) + scint (low 1)

ECAL: 25 X,, ~1.3\; HCAL: 8.5A

_| | EC-E total weight =18.5t endcap
»2' " EC-H Absorbers material:
St.Steel, weight = 170t
Front Shielding weight = 0.8t s
Silicon pads to withstand doses o

| Total weight of Endcap = 253t up to 10'%n/cm? and several MGy

Detector R&D for Collider and Underground Experiments



Interesting digital ECAL option using CMQOS MAPS

v e Summary of 7 Parallel Sessions at Berlin by Martin Aleksa on behalf of the FCC-hh Experiments WG
Digital ECAL

i o Can achieve the ultra high granularity 1600
Spaci with the use of CMOS Monolithic Active 900 Osm 244 GeVfc
pacing b w800 e
PMOS NMOS Pixel Sensors . g N
-I T o Thin sensitive region, usually 12-25um % . A ‘.
;’ W O Thin substrates, low material budget g - oy o, ol
o Low noise oo S ‘e
_ O Readout on the sensor so no need for sl T ‘
L. separate chip ; o‘ 5 10 15 20 2 = 30
o Developments in HY/HR CMOS to P TI
P deplete the sensor improve charge Number of hits per layer
collection speed andradiation hardness| defines necessary granularity
Reconficurable Generally the more active layers the better the resolution https://indico.cern.ch/eve
8 (speaking about 30 — 50 layers) nt/556692/contributions/
summing hits Absorber material: Pb and W equivalent in terms of 2487578/
over threshold resolution, but lead shows better linearity (wider shower)
. . *  Optimal granularity: pixel pitch ~50pum = [
DECAL Chlp bemg +  Sensor thickness ~18um < 006 Electrons in OECALAKr Goes
prototyped *  With realistic geometry (Imm air gap for read-out, FCOSW ' ?T;:‘raaf
cooling, power) achieving 14% / Sqrt(E) at n = 0. 0.05/ Ty o0e%
RAL/Bha m » Linearity is of concern (more than one particle per pixel) ) T Gap
o 0.04 Resolution — 12 02%
Linearity DECal FCC-hh Simulation alactirons i o 3mm Air Gap
z o T B — V1% g 4o
1 % 80000 e 0.03
DeSIgned to g €000 r_;;;.l?'f‘" ______ 4 B o Sr:rEnAirGap
£ e A B 19.4% o 0 0o
support both EM 2 oo — 1 0.0z~ T oo
Ca IO rl m et ry a n d = ) gﬁ?x;f“?‘lu B ‘ I‘_Inlearity Iextlrap‘oln‘lu? |rlomllov||r energy Fit o DI:—
k. H (G Senes Energy [GeV] SDU:GeV a0 T N [ Lo | !
outer trac |ng — Forward region of FCC-hh detectors Si not an option 0 100 200 300 400 Energ?;o[%ew

( ST /N 00 2 9 1 1 /1) — Depleted CMOS currently under development (HV/HR) with results to 1018 neqlcm?-
and beyond presented recently by other groups so feasible for Barrel region

o Cost

— Cost of CMOS imaging sensors needs to decrease to make affordable but over 20
years this is expected to fall dramatically.

— Acosto ould mean an ECAL of ~$30M.

— Much more compact ECAL would also reduce costs of other systems T. Price
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