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Introduction
Why linear, why ete~7?
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Physics landscape

e \What is dark matter, what is the origin of matter-antimatter asymmetry, ...?

* \WWhy are we not seeing new physics around the TeV scale?

* is the mass scale beyond the LHC reach?

SATLAS

EXPERIMENT

Candidate Event:
pp— H(- ) + W(—= V)

* is the mass scale within LHC's reach, but signals elusive?

* What we've experimentally seen so far could hold in a wide

range of BSM scenarios

e Wish list for the next-generation collider:
e High-precision study of Higgs and top quark
properties ('guaranteed physics') + exploration of

EWSB phenomena

e Sensitivity to elusive signatures

e Extended energy/mass reach (direct and indirect)
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Hadron vs. lepton colliders )

* Protons are compound objects e Electrons/positrons are point like
* |nitial state not known event-by-event * |nitial state well defined (energy, polarisation)
* Limits achievable precision * High-precision measurements
. . e e+ e- g
= SO A e 0 o (m
e High-energy circular colliders feasible e High-energy requires linear collider
e High rates of QCD backgrounds e Cleaner experimental environment
e Complex triggering schemes * Trigger-less readout
e High levels of radiation * | ow radiation levels
e High cross-sections for coloured states e High sensitivity for electroweak states
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Hadron vs. lepton colliders )

8 TeV 14 TeV 33 TeV 100 TeV
109 LHC LHC HE LHC VLHC

pp and ere- collisions
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— LHC total cross section

factor > 100 million !!
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at LHC much of the interesting physics needs to
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be found among a huge number of collisions 0 1000 2000 3000
collision energy\s [GeV]

ete  events are more “clean”
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accelerating cavities proton mass
N N electron mass = 2000
e Circular colliders — bending / / accelerating S S
= nchrotron radiation
e Acceleration gradual over many revolutions o< N oroyiMass Radius
* FCC-ee: ~700 super-conducting RF cavities at 10 MV/m, per beam — 10° £ _ January 2020
* Beams can be reused & : ——CLc §
& - ---e--- CLIC lumi-up A
* Synchrotron radiation can be large (limits energy reach) ° ' —— ILC '
2y 10° F e ILC lumi-up
e FCC-ee: 7.55 GeV/turn lost for a beam energy of 175 GeV — : —— FCC-ee (21Ps)
N I —— CEPC (2IPs)
10 F E
e Linear colliders — Bending / / accelerating - ]
* Full collision energy must be delivered in one passage L. S -
e CLIC at 380 GeV: ~20'500 normal-conducting RF cavities installed on 10° 10°

- E.y [GeV]
2900 modules (optimised for 72 MV/m)

* Small beam size and high beam power needed to reach luminosity goal DQ:=,========“§§

source main linac
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Circular vs. linear ete- colliders i)
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€~ INJECTION DESCENT TUNNEL
COMBINER RINGS

DRIVE BEAM INJECTOR

BYPASS TUNNEL

INTERACTION REGION
DRIVE BEAM LOOPS

MAIN BEAM INJECTOR

DAMPING RINGS

DRIVE BEAM DUMPS

TURN AROUND

Accelerating structure
prototype for CLIC:
12 GHz (L~25 cm)

Proposed ete- linear colliders — CLIC

The Compact Linear Collider (CLIC)
* Electron-positron linear collider at CERN for the
era beyond HL-LHC (~2035)

* Novel and unigue two-beam accelerating

technique with high-gradient room temperature
RF cavities (~20'500 cavities at 380 GeV)

e Staged programme with collision energies from
380 GeV up to 3 TeV

e CDRin 2012

e Updated overview documents in 2018

e Cost 5.9 BCHF for 380 GeV

e Power 168 MW at 380 GeV
e Key step: European Strategy for Particle Physics in

May 2020 (deliberations on-going)
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Resources
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Proposed ete- linear colliders — |LC )

The International Linear Collider (ILC)
: e Electron-positron linear collider in Japan
e Conventional acceleration with superconducting RF

cavities

* Originally 250-350-500 GeV and upgradable to 1
TeV

e TDR in 2013 (site selected)

* |nitial stage now changed to 250 GeV

e Cost ~5 GILCU (1 ILCU ~ 1 USD)

One of the niobium- e Power 129 MW at 250 GeV

based 1.3 GHz e Evaluation still ongoing by Science Council of Japan

superconducting RF

it na ministri
cavities proposed to be ana stries

used at the ILC
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Project overview
Compact Linear Collider (CLIC)
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Collaborations @

CLIC accelerator CLIC detector and physics (CLICdp)

e ~50 institutes from 28 countries ¢ 30 institutes from 18 countries

e CLIC accelerator studies * Physics prospects & simulations studies

* CLIC accelerator design and development * Detector optimisation + R&D tor CLIC

e Construction and operation of CLIC Test Facility, CTF3

@ -
@e
2%

: rstrong participation
tn the CALICE and
FCAL Collaborations
and in AIDA-2020
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Compact Linear Collider (CLIC) R
/ BB 380 GeV-11.4km (CLIC380) .~
-~ I 1.5 TeV - 29.0 km (CLIC1500)
. [ 3.0TeV-50.7km (CLIC3000)

' 7 ‘ ! - T et
W f' ez . _ p S

7 years

CLIC accelerator tootprint
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3 TeV
Ramp-up and up-time
2 assumptions consistent with
: other future projects arXiv:
WK - - 1810.13022, Bordry et al.
20 25
Year

TECHNOLOGY-DRIVEN SCHEDULE from start of construction
e First collisions by ~2035
* Baseline scenario of operation ~30 years

27 years

380 GeV
» Construction
« Installation

Commissioning

380 GeV Physics
1ab™

1.5TeV
« Construction
« Installation

Commissioning

Reconfiguration

~ 3TeV
« Construction
3 « Installation

1.5 TeV Physics
2.5ab™’

Commissioning

3 TeV Physics
5ab™’

Reconfiguration
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&!b Collision energy staging

.~ 1/s = 380 GeV (1 ab")
e To fully exploit physics potential, CLIC would be implemented in |

several energy stages going up to multi-TeV energies * Higgs/top precision physics

e 380 GeV/1.5TeV/ 3.0 TeV

* Top mass threshold scan
| Vs =1.5(2.5 ab") and 3 TeV (5.0 ab-)

» Expanding Higgs/top studies
including Higgs self-coupling

* Electron beam polarisation at all stages

* The starting energy of 380 GeV is optimised and provides a

uaranteed physics programme
J PRYSIES PIOS e Higher direct and indirect sensitivity

to Beyond Standard Model (BSM)

* Emphasis on getting to multi-TeV collisions quickly

* Benetit of linear machine: length/energy staging plan

can be updated in response to developing physics landscape
CLIC pushes on both precision and energy

e E.g. operation at the Z pole “Giga-Z” possible frontiers, e.g. o(ete-—ttbar) to 6(1%) up to 3 TeV

C | . O(10%) C|. 0(01%)

A2 S TTV)2 T |AZ| ™ (100 Gev)?
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Physics reach
Standard Model & beyond

Jp - - 4
L] I ll ||
I1 =) | |
LE
I » -. - | |
=
- =

Spatind 2020 / Rickard Strom lars.rickard.stroem@cern.ch


mailto:lars.rickard.stroem@cern.ch

Dominant Higgs and top production at CLIC E

e Toon-auark pair production @LO incl. ISR, unpolarised .
S §5q i Pt I?d oY LI S A B B e Higgsstrahlung ete- = HZ
> MITION Top-Eetdys, = 10" F Hveve allows for absolute
detailed study of couplings 'g' : - determination of Hiaqs
and competitive limits on 102 B Lt B c:uTolinlg: tlz S(Iill pagr?icles
d FCNC —~— °° f )
rare decays ( ) : ——___ ] Z-recoil mass analysis
e Dedicated top-pair 10 ;_ HZ _;
production threshold scan at : T — - e"
350 GeV - top-quark mass - T
with a precision of around 50 1 3 E
MeV (100 fb-1) i 5
107 —_ E
et t _ HH Z T — = B
- - c
1 0—2 I ”. T T IR T T T T T S S SRR R
0 1000 2000 3000
380 GeV 1.5 TeV 3 TeV
e~ t 1 ab- 2.5 ab1 5.0 ab-

Higgs overview: Eur. Phys. J. C (2017)
Top overview: JHEP 11 (2019) 003
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extraction of top Yukawa
coupling with a precision of
~2.7% (ttH)

_|_

c {
Y H
y4
e t

Dominant Higgs and top production at CLIC @

@LO incl. ISR, unpolarised

~§103 s—l - IH\I’eVIe | =
o F ?
10° £ — He'e =
- = ¢
10 £ HZ 3
107" ¢ .
i HHZ T C
10—2 I ”. T B T T T R T SR ST T N
0 1000 2000 3000
/s [GeV]

380 GeV 1.5 TeV 3 TeV

1 ab1 2.5 ab-1 5.0 ab-1
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e Vector-boson fusion (VBF)
benefits from high /s

* Unprecedented precision on
Higgs couplings to SM
particles and the trilinear
Higgs coupling (double Higgs
production)

* On-shell W*W-tt production

Higgs overview: Eur. Phys. J. C (2017)
Top overview: JHEP 11 (2019) 003

17
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e Higher precision

OKi[%]

Precision Higgs couplings i)

HIGGS COUPLINGS
Combined with HL-LHC projections

CLIC Physics Potential CERN-2018-009-M, arXiv:1812.02093

100| |EEasit]

10

®m HLLHC S2 = + CLIC Stage 1 = + Stage 2 = + Stage 3

@ HLLHC $1

68% prob. uncertainties

e CLIC enables high-precision
measurements beyond HL-LHC (1%

for most couplings)
e Very large improvements for
oW, 2, b,c

® BRIH—inv.) < 0.69% at 90% CL (for 350
GeV CLIC)

® [H is extracted with 4.7% (350 GeV) -
2.5% (3 TeV) precision
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Precision Higgs couplings @

HIGGS SELF-COUPLING

e e ’ CLICdp CLICdp—Note -2018-006, arXiv:1901.05897
Mo h g — s o E | B E— | T T 1 1 T T I T I B R
>”V“/ : >W/. c 2000 L= 5000/fb 4:1 pol. scheme T
+ | . | + | +( | ﬂ>) 1 800 :_ 3 Tev ey— QCIHV _:
e V. e Ve ¢ Z 1 6 0 0 E_ _j
dominates ——, W e Wl - = - ey — vqqqq -
at high s vy N 1400 = = o6 -5 qaag e
(, 1200F —— ee—qqqglv ]
, | 1000 = ee > qqagvv 7
e Direct access to HH production at 1.5 and 3 TeV 800K -
| | n B ce — qqHvv ]
e Challenging measurements — benefits from excellent 600K -
L . F ——ee—->HHvV ]
heavy flavour tagging, jet energy resolution 400E -
e Template fit using two variables: M(HH) differential - -
distribution and BDT score 200§ -
e Unique capability of CLIC: measuring the Higgs self- cb 500 1000 1500 2000

coupling to -7%, +11% accuracy (full programme) MHH[GeV]
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Top-quark mass from threshold scan

i

et t
* Intending threshold scan near

Js=350 GeV (10 points, ~1 year) as =0/ 171 —
1 i initial b t fol ~ tt threshold - QQbar_Threshold NNNLO ]
well as main initial-stage baseline 0.6 L ISR + CLIC LS Nominal E
Js=380 GeV « | 70% =77 L default- m® 171.5 GeV, T, 1.37 GeV -
! / 1\ _ m, variations = 0.2 GeV i
+$ 0.5 :_ — I', variations = 0.15 GeV _:
* The cross section and the position and shape of the turn-on curve 0.3 - , | -
B I simulated data points |
are strongly dependent on the precise value of the top-quark 0.2 L 100 fo total I
mass and width, Yukawa coupling, and strong coupling «; - -
0.1 -
® Observe 1S ‘bound state’, Am; ~ 50 MeV (stat+sys) § CLICdp -
B | ] ] ] ] | ] ] ] ] | ] |

* Dominated by theory N3LO scale uncertainty 0 340 345 350
/s [GeV]

* Theoretical uncertainty =10 MeV when transforming 1S mass to
MS scheme
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Global sensitivity to SMEFT BSM eftects )

Higgs, top, WW, ff projections

Standard Model Wilson coefficients

Lty = +Z,-, +0 (A7)

e Already the initial stage of CLIC is very complementary to the HL-LHC

* The high-energy stages, unique to CLIC among all proposed e*e-

colliders, are found to be crucial for the precision programme New physics scale

precision reach of the Universal EFT fit January 2019 2
10° =l HL-LHC (3/ab, S1) + LEP/SLD light shade: CLIC + LEP/SLD = 8
- I HL-LHC (3/ab, S2) + LEP/SLD solid shade: combined with HL-LHC(S2) 7 &
- | CLIC Stage 1 blue line: individual reach 12
 CLIC Stage 1+2 yellow mark: additional result >
g T0E M CLIC Stage 1+2+3 ER
‘Z’ I Eé : . . : 2:
O > 8 Includes CLIC Higgs, top, WW, and e*e-— ff measurements in global fit 18
= o = S EE:
Q. . - é . é
pn o | T | '
D < = z

-1 © ]
S — 107 15
-f o mey 4 ®©
= 1 E
1022 | 3
Eg N _ - i
10-3 - 1 =
O

Effects that grow with energy
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New physics searches

® I\/Iany BSM examples Worked out In detall fOF CLlC ir 4 Precision H|995 Couphngg and geH:_CQuphng |
|
\ . . .
e CLIC can probe TeV-scale electroweak particles, or ;\ + Precision electroweak and top-quark analysis
particles that interact with the SM with electroweak- + Sensitivity to BSM effects in the SMEFT
sized couplings, well above the HL-LHC reach + Higgs and top compositeness
4+ Baryogenesis

| 4 Direct discoveries of new particles
Process HL-LHC CLIC S
Heavy Higgs scalar rzi;ing angle sin® Y <4% [< 0.24% ] * EXt ra H Ig gs bOSO nsea rCh €5
Higgs self-coupling ~ 50% at 68% C.L. —7%,+11%| at 68% C.L.
BR(H — invisible) < 0.69% at 90% C.L. * :)a rk matter sea rCh €S
Higgs compositeness scale m,, m, > 3TeV Discovery up to m, = 10TeV : :

TVl 8 GOTEY o 8 4 Lepton and flavour violation
Top compositeness scale m, Discovery up to m, = 8§ TeV . :
(OTLY for small coupling 2.) + Neutrino properties
Higgsino mass (disappearing track search) = 250GeV = 1.2TeV i
Siepton mass Discovery up 1o ~ 15 TV + Hidden sector searches
RPV wino mass > 1.5TeV (0.03m < ¢7 < 30m) . .
Z' (SM couplings) mass Discovery up to 7 TeV Discovery up to 20 TeV * EXOtI C H Ig gs bOSOn d eCad yS
NMSSM scalar singlet mass >650GeV (tanff =4) > 1.5TeV (tanff =4)
Twin Higgs scalar singlet mass me=f>1TeV me=f>45TeV | - o
Relaxion mass < 24GeV < 12GeV (all for vanishing sin @)
Relaxion mixing angle sin” @ < 2.3%
Neutrino Type-2 see-saw triplet > 1.5TeV (for any triplet VEV) M&V\ NAOTE S&Mdiﬁ [ Eﬁ@‘\ (:_E r{f‘;N YﬁLLOM {2@_ OT'%:
> 10TeV (tor triplet Yukawa coupling ~ (.1) | 3 | P

Inverse see-saw RH neutrino > 10TeV (for Yukawa coupling ~ 1) ""“ . Th@ (:LI(:_ ?O%QM& E,Qi. ‘%OT' Ne ?kv SLE s"
Scale Vul-"z for LFV (2e)(éx) >42TeV

arXiv:1¥12.02093 / CERN-201%F-009-M
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Accelerator complex
Novel two-beam acceleration
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Why?

e Compact accelerator (~tens of km) =» High acceleration fields

The two-beam acceleration concept @

How?

- High frequency RF is a challenge 1. Drive beam accelerated to a few GeV

e Klystrons (amplitiers for high radio frequencies) used for particle
acceleration, but scale unfavourably beyond a few GHz
(maximum delivered power and efticiency)

* In the CLIC acceleration scheme, the klystrons are replaced with
an intense particle beam, called the drive beam

* L ow-frequency klystrons efficiently generate long RF-pulses
and their energy is stored in a long, high-current drive-beam

pulse

using conventional klystrons

2. Frequency increased using a series of
delay loops and combiner rings

3. Drive beam decelerated through Power
Extraction and Transfer Structures (PETS)
producing high-RF

4. Feed high-RF to the less intense main
beam using waveguides

* The kinetic energy in the drive beam is converted into short
high-peak RF pulses, which in turn is used to accelerate the

main beams for collision
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lystrons
72 units, 20 MW, 48 us

M)

2.0 km

Drive Beam Accelerator
1.91 GeV, 1.0 GHz

DRIVE BEAM
COMPLEX

Delay Loop
/3m

@95 m

Decelerators, 4 sectors

1. Drive beam accelerated to a few GeV using conventional klystrons
2. Frequency increased using a series of delay loops and combiner rings
3. Drive beam decelerated and produces high-RF

4. Feed high-RF to the less intense main beam using waveguides

Decelerator, each 878 m

\Tlme Delay Llne)

R

G

S S Comy?

0 e e

BC2 BC2
IR P ZBZDfm 5o K e e -
e~ Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km | | e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km
IP
300 m 114 km 300 m
Spin Rotator BoogtgrebinicD
/L’) NN CAPTION
Pre-Injector Primary e~ Linac CR : Combiner ring
DR et Se9m e’ Linac for e production TA : Turnaround
MAIN BEAM 359 m PDR 0.2 GeV 5 GeV DR : Damping ring
COMPLEX / | L2
(- m—(e—=3
Target Gun BC : Bunch compressor
‘L BDS : Beam delivery system
/ IP : Interaction point
A\ ) (((((“ = B Dump
Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV e Linac
0.2 GeV
380 GeV
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lystrons
72 units, 20 MW, 48 us

M)

2.0 km

Drive Beam Accelerator
1.91 GeV, 1.0 GHz

DRIVE BEAM

COMPLEX Delay Loop

/3 m

@95 m

Decelerators, 4 sectors

Decelerator each 878 m

4

300 m

Time Delay Line ‘ <
BC2 BDS | BDS ' 3 ? g §
) ) ) ) ) ) )00 DN ))))))»»))))))))))))))))))))))))))))))))))))) — o N = KL
e” Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km - | e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km
300 m 11.4 km
Spin Rotator BoogtgrebinicD

/\_.») NN CAPTION
DR 389 m Pre-Injector Primary e” Linac CR : Combiner ring

et e’ Linac for e production TA : Turnaround
MAIN BEAM 359 m PDR 0.2 Gev 5 Gev DR : Damping ring

COMPLEX ‘(“— .—((«((“——a PDR : Predamping ring

Target Gun
' S—
,
‘ \
Q] |
Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV e” Linac
0.2 GeV

BC : Bunch compressor
BDS : Beam delivery system
IP : Interaction point

@  Dump

380 GeV

CLIC - Scheme of the Compact Linear Collider (CLIC)
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lystrons
88 units, 20 MW, 148 us

M)

DRIVE BEAM
COMPLEX

Delay Loop Delay Loop
/3m /3m

Klystron
588 units, 20 MW, 148 p

QY

S

e

2.5 km

Drive Beam Accelerator

2.4 GeV, 1.0 GHz

@95 m @95 m

Decelerators, 25 sectors

2.5 km

Drive Beam Accelerator
2.4 GeV, 1.0 GHz
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300 m 50.1 km
Spin Rotator Boogtgrebina\cD
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COMPLEX ‘(“— F((«((ﬂ__°= PDR : Predamping ring
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' S
,
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QL \
Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV e Linac
0.2 GeV

BC : Bunch compressor
BDS : Beam delivery system
IP : Interaction point

@  Dump

300 m

3 TeV

CLIC - Scheme of the Compact Linear Collider (CLIC)
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Accelerator challenges

Debails i PIP, DOI: http://dx.doi.org/10.23731/CYRM-2018-004

e CLIC baseline — a drive-beam based machine with an initial stage at 380 GeV
e Four main challenges

1. High-current drive beam bunched at 12 GHz ¢/

2. Power transfer and main-beam acceleration ¢

3. ~100 MV/m gradient in main-beam cavities ¢/

4. Alignment and stability (“nano-beams”)

e The CTF3 (CLIC Test Facility at CERN) programme addressed all drive-beam
production issues

» Other critical technical systems (alignment, damping rings, beam delivery, etc.)
addressed via design and/or test-facility demonstrations

e Two C-band XFELS (SACLA and SwissFEL) now operational: large-scale
demonstrations of normal-conducting, high-frequency, low-emittance linacs
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Technology applications i)

SwissFEL: C-band linac

* 104 x 2 m-long C-band (5.7 GHz)
structures (beam up to 6 GeV at 100 Hz)

e Similar pm-level tolerance
e | ength ~ 800 CLIC structures

e Being commissioned

CLIC technology for __(%4
different applications g .
e EU co-funded FEL . AR

. Eindhoven University led
deS|gn StUdy SMART*LIGHT Compton Source

e SPARC at INFN-LNF
® ...many other small

S0 enoid Jaan
- sccalirator
VMV

—,17/_”1,2 S RS 2 Systems. . INFN Frascati advanced acceleration facility

CompactLight EuPRAXIA@SPARC_LAB
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Collider environment
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Collider environment

5§60 Hz bunch train o

CHE beam StrUCturioatttj SI:,X 20 ms rep ckition roke CLIC luminosity spectrum
_ Upci&%@.:loOHz. 1025_"'""""""""'_E
Fwssibi& (2*Lumi) > F — 380GeV :
O|O : _
—|IZ210F — 3 TeV |
Energy loss at IP ‘/\ |
leads to energy 1 3 E

spectrum

107 3 E

- N1 I T T .
e 3 TeV: bunch size 0y.,.; = {40 nm; 1Tnm; 44 pm} O 02 04 06 0.8
x.=\s" s

e High luminosities are achieved by using extremely small beam sizes L.

e Very high bunch charge density = beam-related backgrounds with impact

on detector design and physics measurements | |
* Most physics process studied well above

e Small effect at 380 Ge\/l |arge effect at h|gh energies production threshold; profit from full luminosity
. o . * The impact of ISR is similar to that of
 Combined pr and timing cuts used to reduce out-of-time background (~ns beamstrahlung Dy
-

timing required for beam background rejection)
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Without be

7*/20*

-~

o — =

e
“
“
oy

Vs = 3 TeV
fully-hadronic
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With bea

7*/20*

Vs = 3 TeV
fully-hadronic
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A detector for CLIC
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Solenoidal Maanet Return Yoke
, .
g Iron return yoke with The CLIC detector model

Superconducting magnet, detectors for muon ID
magnetic field of 4 tesla

Fine-grained Calorimeters

Tracking Detector

Electromagnetic and hadronic calorimeters

Silicon pixel detector, used for particle flow analysis

outer radius 1.5 metres

Forward Region

Vertex Detector Electromagnetic calorimeters

for luminosity measurement and
extended angular coverage

Ultra-low mass silicon pixel
detector, inner radius
31 millimetres

e CLIC's baseline is a single
Tracking detector

Material: 1-2% X, / layer
Single-point resolution: 7 micrometres

interaction point/single experiment
* Two detectors in push-pull mode
possible
* Two beam-delivery systems and

Vertex detector

25 micrometre pixels

Material: 0.2% X, / layer

Single-point resolution: 3 micrometres
Forced air-flow cooling

two interaction points possible at
380 GeV

Electromagnetic calorimeter

40 layers (silicon sensors, tungsten plates)
Material: 22 X + 1\

Hadronic calorimeter

60 layers (plastic scintillators, steel plates)
Material: 7.5\

Height: 12.9 metres; Length: 11.4 metres; Weight: 8100 tonnes

Learn more about the CLIC detector at clic.cern

CLICdp June 2019



Solenoidal Maanet Return Yoke
, .
g Iron return yoke with The CLIC detector model

Superconducting magnet, detectors for muon ID
magnetic field of 4 tesla

Fine-grained Calorimeters

Tracking Detector

Electromagnetic and hadronic calorimeters

Silicon pixel detector, used for particle flow analysis

outer radius 1.5 metres

Forward Region

Vertex Detector Electromagnetic calorimeters
for luminosity measurement and

extended angular coverage

Ultra-low mass silicon pixel
detector, inner radius
31 millimetres

Tracking detector * Detector development is

Material: 1-2% X, / layer
Single-point resolution: 7 micrometres

Vertex detector

25 micrometre pixels

Material: 0.2% X, / layer

Single-point resolution: 3 micrometres
Forced air-flow cooling

Electromagnetic calorimeter

40 layers (silicon sensors, tungsten plates)
Material: 22 X + 1\

Hadronic calorimeter

60 layers (plastic scintillators, steel plates)
Material: 7.5\

Learn more about the CLIC detector at clic.cern

performed in collaboration with
other projects studying future
collider detector concepts +
dedicated detector R&D
collaborations: CALICE and FCAL

Height: 12.9 metres; Length: 11.4 metres; Weight: 8100 tonnes

CLICdp June 2019



CLICdet Performance

Full characterisation of the detector model in arXiv:1812.07337

_ C'LIC'dp' ——
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= - " gindle uw ' ' 500 GeV bosons, with 3 TeV BG
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Displaced track
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Vertex and tracking R&D

“~pitch:25x25 pm?

Highlights
Hybrid assemblies Monolithic assemblies
Planar sensor + CLICpix | & «-"' éPD + CLICpix2 HV-CMOS r ' 1
bump bonded JEES ’\;\.\:_‘\ .~ capacitively coupled pitch: 40x130 pm? -~ Standard a:L!«

A pitch: 20x2(
thickness: 50 pm lt

LLLAAAA

Planar sensor + CLICpix Active HV-CMOS + CLICpix2

CLICTD

e Stringent requirements for CLIC inspired broad and integrated technology R&D programme
e Sensors, readout, powering, interconnects, mechanical integration, cooling, ...
* Benetfit from rapid progress in Silicon industry and synergies with R&D for HL-LHC

* Feasibility of power-pulsing demonstrated

* Feasibility of air cooling demonstrated in simulation & full vertex detector mockup
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Vertex and tracking R&D

Highlights
Hybrid assemblies Monolithic assemblies
Planar sensor + CLICpix | & «-"' éPD + CLICpix2 HV-CMOS r ' 1
bump bonded JEES ’\\.\:”\ .~ capacitively coupled pitch: 40x130 pm? -~ Standard a:L!«

“~pitch:25x25 pym?
thickness: 50 um

pitch: 2"!
thic

LLLAAAA

Planar sensor + CLICpix Active HV-CMOS + CLICpix2

CLICTD

o Full efficiency from hybrid assemblies of 50 pm thin sensors that satisty CLIC time-stamping

e Sensor design with enhanced charge-sharing is underway to reach required spatial resolution with thin sensors

e Good progress towards reducing detector mass with active-edge sensors and through-Si interconnects
* Promising results from fully integrated technologies
e CLIC-specific designs underway

* Developed advanced simulation/analysis tools for detector performance optimisation (Allpix2)
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Project realisation
What's next?
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Possible scenarios

Possible scenarios of future colliders ™ Proton collider mmmm— Construction/Transformation: heights of box construction cost/year
Electron collider Preparation

] Electron-Proton collider

= ILC: 250 GeV 500 GeV
% 4 years 20km tunnel SRR 4 ab!
31km tunnel 40 km tunnel
(4s)
c CepC: 90/160/240 GeV
6 100km tunnel TR FEA T 5
CLIC: 380 GeV
5 years 11 km tunnel 1.5 ab?
29 km tunnel S0 km wnnel
350'3515 GeV FCC hh: 150 TeV =20-30 ab’!
8 years 100km tunnel QSIS 1.7 ab’
e Gev -150/10/5 ab!
oc
8 FCC hh: 100 TeV 20-30 ab™!

FCC hh: 100 TeV 20-30 ab™
8 years 100km tunnel

HL-LHC: 13 TeV 3-4 ab™ HE-LHC: 27 TeV 10ab™

Jyears 178/6 LHeC: 1.2TeV FCC-eh: 3.5 TeV 2 ab'!
’ Vearl 2s5.1 ap i€

D T O O
2020 2030 2040 2050 2060 2070 2080 o4/10/2010 2090

Image from the supporting note for the Briefing Book 2020
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Strategy and timeline )

2013 - 2019 2020 - 2025 2026 - 2034

Development Phase
Development of a project plan for a
staged CLIC implementation in line
with LHC results; technical
developments with industry,
performance studies for accelerator
parts and systems, detector
technology demonstrators

e CLIC is now a mature project,

ready to start construction in
~2026, with first collisions ~2035

o CLIC perspective:
® |nvest in CLIC380 now

e Keep a close eye on the

development in waketield

acceleration techniques and

2020 2026 2035 nigh-tield magnets
Update of the European Ready for construction First collisions .
Strategy for Particle Physics * Re-evaluate the physics and
R&D landscape after the initial

CLIC stage and decide whether

S&TQ&QS:}“W‘QW«V\S needs to to continue towards CLIC3000
cownsider ﬂ(}s&, &EMQLEMES, or move to e.g. a hadron
techiological readiness... machine
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Summary
and outlook
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Projections from Higgs production .
CLIC input: ZH, VBF, ttH, ff EFT ﬂt resSu ‘tS

e
e ILCs00, CLIC1500, FCC TSN "%QZIC}%C@ZQS;Q%@%
500, 1500, CC365 ‘
perform broadly similarly for gl - ..'7 |.'3 .: " | |
Higgs couplings ¢ g 13 y n
gy~ 16 14 33 238
gfizy - 11 24 317

@,
1T
-
1
1T
O
eff
- 14 19 3.1 30
EHgg g
off
iy = L1 21 oY
Hrt $
off
g?la‘ '. 1.0 —
-
ﬁ~ ¢ m—
gipy - 28 15 |, =
-+
off
Siirp- 15 14 CIC)
if -
Chyy = 12 19 O
it c>>
Sg1z[x10%] - 13 15 L, O
817| | S
Sky[x10%] - 13 13 £
/lz[xloz] - 1.1 .1
O . .
SMEFT ND () not measured at HL-LHC ESPPU Briefing Book 2020

http://cds.cern.ch/record/2691414
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Projections from Higgs production .
. e EFT fit results

CLIC input: ZH, VBF, ttH, ff

HEPM B HL-HELHC M HLiLHeC HLHILCzs0 HL+CLIC3s0 HL+FC Ceezdo
. Higgs@FC WG T Single ogerator fit AL+LCgo S HL+CLIC1500 - HL+FCC,
10F — 9'°.'?"i‘.',“.‘.“.’44“* B My W HLClC W HLCCr 119 32

e Highlighted where
CLIC1500 more

SenSItlve than FCC_ee IR R R R R R R R R R R R R R R R R R R R R R R R P R R T
— benefit of high B L [ S
cnergy -1 wuwu | .
2 10-1 32 B
£ 3 LO,
<
5 2 Higher

H10 pre«cisiom

1073} +432.

1' “  “'” “4” m“——;:—“—_—.::.—::—;:——.:—;;;—;—_—,;:—::——:—::JH> ..... ”__ - e

R
o, 0, O, (¢ e ) ESPPU Briefing Book 2020
http://cds.cern.ch/record/2691414
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EFT fit results

Projections from di-fermion final states

95% CL scale limits on 4-fermion contact interactions A\

W O:w [ OB European Strategy

HE-LHC e O,W and O3B describe the leading higher-derivative
ILC a0 corrections to the SM gauge boson propagators

ILC 1000
CLIC 380 | e

3000

polarisation + detailed diff. an

|
|
I

e === = = = =

FCCee:x | s d&SE‘FO&bLQ

—
0

Scale / coupling [TeV] ESPPU Briefing Book 2020
http://cds.cern.ch/record/2691414

10 20 30 40 50 60 70 80 90 100 110 120 130
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EFT fit results

Projections from di-boson production

95% CL scale limits on 2-fermion 2-boson contact interactions

W Ow [ Os European g'ateg\y
::;:-_:g * Ow and Og describe new-physics effects in the
ILC 2sc interaction between the gauge and Higgs sectors
ILC 1000
CLIC ss0

CLIC 1500

desirable
0 ) 10 15 20 25 30 395
Scale / coupling [TeV] ESPPU Briefing Book 2020

http://cds.cern.ch/record/2691414
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Summary 1/2

e CLIC is an attractive post-LHC facility for CERN
® Ready to start construction in ~2026

 First collisions by ~2035

* Physics programme ~30 years

* The advantages of lepton collider precision AND multi-TeV
energies gives a physics case that is broad and profound,
from precision Higgs and top measurements, and their
interpretation in new physics scenarios, to direct BSM
searches

® FCC-hh has (unsurprisingly) the best mass reach for new
resonances, but CLIC is highly competitive for new physics
via contact interactions
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Summary 2/2

e -~ —
e i
e e <

e

- e

e ———
e ———

e Accelerator staging brings cost staging, and
accompanying affordability

® The main accelerator technologies have been
demonstrated — performance goals can be met

* A linear machine provides flexibility to adapt the
staging scenario to a developing physics landscape

* The linear tunnel also provides a natural infrastructure
for the future beyond CLIC

* Project status summarised in a series of reports for
the European Strategy for Particle Physics Update

(ESPPU)
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Resources
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a

European Strategy,
Update

Resources 1

e -
O i
e e e e

e o e e e

Compact Linear Collider Portal

https://clic.cern/

CLIC input to the European Strategy for Particle e e
Physics Update 2018-2020 Sy e

https://clic.cern/european-strategy
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Resources

3-volume CDR 2012 pdated Staging Baseline 2016
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Additional material
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Precision Higgs couplings

Full CLIC program:
* Model-independent: down to =1% tor most couplings

* Model-dependent: £1% down to * few %o for most couplings

November 2018 November 2018
s s 1.2
Cg 1l CLICdp B ‘g CLICdp
= ' model dependent P - model independent -
= >
s ®© no assumptions on
0 O 11 " : —
o | 1 o additional Higgs decays
S ke oL [ O T | o -
Q Q
@) O

*—@
""""""" c =t b "W Z g | || || | S U =
B w t Y B FH C T b t W Z g Y
0.9 - —
’ U Zy| H
o 350GeV, 1ab i o 350GeV,1ab’ |
0.9 0 +1.4TeV,25ab"  Zy _ 0 +1.4TeV,25ab’
e +3TeV,5ab e +3TeV,5ab”
0.8
LHC-like fit, assuming SM decays only. Fit to deviations from SM BR’s Higgs width is a free parameter, allows for additional non-SM decays
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Top-quark mass from threshold scan @

§.1 4 B tflthrelsholld - rlnfS 1|71.§ Ge\ll | | | | T 30'7 B _' | | | | | | | | | | 7
1. B _QQbar—threShold 1.0 NNNLO | & — tt threshold - QQbar_Threshold NNNLO |
G ~ —ISR only 3 —0.6 — ISR + CLIC LS Nominal _
",F 1.2 — —CLIC 350 GeV Nominal — N - default - thS 171.5 GeV, I', 1.37 GeV E
. - —CLIC 350 GeV 90% Charge . .1\ -~ mvariations = 0.2 GeV B
_|_CD 1 B _ _|_CD 0.5 I', variations = 0.15 GeV ~
QL - o r -
@) i i ® 04 F -
0.8 B ] O ! i
0.6 - - 0.3 :— | | —:
B ] B | simulated data points _
u _ - 100 fb™ total 7
04 — = 0.2 — -
0.2 - 0.1 -
CLICdp - ; CLICdp -
O | | | | | | | | | | | | ~ O _ | ' ' ' ' | ' ' ' ' | ' |

340 345 350 340 345 350
/s [GeV] /s [GeV]
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Top-quark pair production measurements

e Top-philic scenario — Universal + BSM/3rd family

e Can be more efficient indirect probes of new
physics than universal effects

e 2-fermion "“vertex operators” — sensitivity flat in
energy — high precision already at 380 GeV

* 4-fermion “contact operators” — represent a
massive, new mediator beyond direct reach —
sensitivity rises steeply with energy

Top-philic global fit
bars: global, dots: individual

|

ete” = tt, LO
P(et,e™) = (0%, —80%)

p— !

— 11 | 1
1077 580 500

1000

lllllll
1400

/5 [CeV]

0.00032 Ciq.B
2

0.00021 Clqw
/2.1

0.00017 Cpt. B
/1.1

0.0075 ('
/2.3 tB

0.011
/3.1 Crw
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Global sensitivity to SMEFT BSM eftects

3000

102

h Higher precision

i

Example: sensitivity of
total ttbar cross-section to

various dim-6 operators
JHEP 10 (2018) 168

380 GeV
38041400 GeV

3804140043000 GeV
ete”™ — tt — bW bW~
statistically optimal observables

semileptonic final state
P(eT,e™) = (0,F80%)

10—1 109 TeV—2
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Physics reach
Examples ot BSM signatures

. -It‘,

Jp - - 4
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Higgs and top compositeness )

Discovery (50) reach on composite Higgs

 Composite Higgs or top would appear through SM-EFT operators —
translate EFT limits into composite sector

e Canonical scenario: Higgs as bound state cLic
® hvv, hZ, WW, tth
ee—~ff .

® HL-LHC

HL-LHC: 95% C.L. exclusion ]

e Characterised by mass scale m+ and coupling strength g- Lo _he L

* Pseudo-Nambu-Goldstone boson of underlying strongly-interacting
composite sector (responsible for EWSB)

UNIVERSAL EFFECTS
g-

CLIC Physics Potential CERN-2018-009-M, arXiv:1812.02093

* Total tr top compositeness scenario: the right-handed component is a

. . i’_’ PITRE total l‘/'? compositeness
fully composite state and the left-handed one is mostly elementary O |
L 10} CLICdp
LL I
LL : semi-leptonic ft
3 8 \/_ ttH ® y
STRT : - : O = | s =380 GeV, 1.4 TeV, 3 TeV |
e CLIC will discover Higgs and top compositeness it . 6, o ~50:50, 80:20, 80-20
the compositeness mass scale is below 8 TeV T |
o [
e Scales up to 40 TeV, in favourable conditions, g 2| _
above what HL-LHC can exclude 3 = 7 10 20 30 40

m,[TeV]
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d!b Fxtended Higgs sector — Heavy Scalar Singlets )

e Extended scalar sector with new states that are not charged
under the Standard Model gauge group (singlet)

. . HEAVY SCALAR SINGLETS — 95% C.L. EXCLUSION >
* Appear in many BSM scenarios ————— 1 ——————T S
N
. LHC 8 TeV Higgs couphngs o
* Interactions for example through mixing with Higgs 0.100 LHC 300 fb-!  _o===""""_ | 2
e Example: heavy m¢ > 2my. 0.050 ~=="LHC3 ab~! HL-LHC Higgsouplings| =
3
Ve 0
b > Sy =my/mg O
HO .. _ ~ N
3 <b = 0.010] S~ | &
Hah ~ b ! o7 T~ | O
I- ° e / T~ - =
Ve ° \nd\reC'\'- 0.005 \\/\,\/ CLIC 1.5 TeV, 1.5 ab~! A ) ] g
; \ CLIC 0,38%1.5+3 TeV Higgs couplings | ©
/\ 0.240/0 | \ — S Dg)_)
L. . Reduced Higgs couplings \ Sy = mj; /mg g
h’ — h() COS 7Y + S S1LL 7Y ' I led "\ CLIC 3 TeV, 3 ab™! | o
(universally rescaled) 0.001 95% C.L. exclusions O
EPEET N DTN sl SR S SR SR T S T T S SR S S S ST R ]
:I]: mixing 500 1000 1500 2000 2500 “
mg [GGV]

O = S cosy — hgsin-y
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Higgsino reach from stub tracks )

e Higgsino: WIMP dark matter candidate, connected to weak Direct Higgsino reach B 380 GeV
scale naturalness, and gauge coupling unitication Strategies from stub tracks m1.5TeV

B 1 3.0 TeV
visr [GeV] 95% Exclusion Reach

* Long-lived charged particles — Disappearing/stub tracks

>1 stub
* Such signature may be realised in models with a small mass 2 stub
splitting between dark sector particles, e.g. Chargino- >1 stub-+y (50)

Neutralino in SUSY models (other superpartners decoupled) >1 stub+y(100)

>1 stub+y(200)

* Travels a macroscopic distance (of order 1 cm)

2 stub+y(50) .
e At least 4 hits (from tracking performance studies) 2 stub+y(100) ! Thermal DM
P m,=1.1TeV
2 stub+y(200)
dspeced | ivearans |
multirack vertices - - | + A — 0 200 400 600 800 1000 1200
e, €€ 2 XX

m, [GeV]

v K

displaced leptons, / ““\§¢rging jets

lepton-jets, or —

lepton pairs | 1 O —
/ B\ X ; X T e Benefit from the clean environment of ete- collisions
: : trackless,‘ °
Aom \O f and excellent tracking detectors
charged-particles

ntation by Heather Russell, McGill Uni.

multitrack vertices in the
muon spectrometer

From prese

| * Reach Higgsino mass of 1.1TeV, required for DM relic
///\ soft SM Particle mass density — even with some level of background

CLIC Physics Potential CERN-2018-009-M, arXiv:1812.02093

O~
N
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FOUR MAIN CHALLENGES:

e High-current drive beam
bunched at 12 GHz

e Power transfer +
main-beam acceleration

e ~100 MV/m gradient in
main-beam cavities

e Alignment & stability

Accelerator challenges

Drive beam quality:

.+~ CR.STBPMO0155S

o E

0.‘

-5

~-10 1

«

X2

2022 current signal

Z2015.12 03 145725xef
20151210 194928 ef
2015121019473 ref
L2015 121018553751
_2015.12 10 145027 ref

-25 1

[
|——
——
——

12 GHz

2000 5200 5400 5600 5800 6000 6200 6400 6600

Current in combiner ring

Examples of measurements
from CLIC Test Facility,

Linac

CTF3, at CERN /4/, '

King
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i

Produced high-current drive beam bunched at 12 GHz

Drive beam arrival kime
stabilised to CLIC specification
of s0 £s

B FFF Off
EFFF On

3 2 1 0 1 2 3
Phase [degrees]
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Accelerator challenges

TD24

Demonstrated 2-beam acceleration E

FOUR MAIN CHALLENGES:

\\\:-\-\}1‘ —~ & o

* High-current drive beam

bunched at 12 GHz
31 MeV = 145 MV/m

main-beam acceleration
15-Jul-2011

Energy at screen center= 215.32 MeV

-10
0

204 208 212 216 220 22 Drive beam ON

e ~100 MV/m gradient in
main-beam cavities

o
o

e Alignment & stability

H
o

CLIC Nominal,
unloaded

e N
S O

Energy al screen center= 212.25 MeV

20 40 60 80 100 120 202 206 210 214 218 222 226

Power in accelerating structure (MW)

CLIC Nominal,
loaded

A
o O

Accelerating gradient (MV/m)
Lo ]
=

N
o

O°
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Accelerator challenges

: X-band performance: achieved 100 MV/m
FOUR MAIN CHALLENGES: gradient in main-beam RF cavities

B T24.KFK-KFK " E0 meaasured

; 1E-4 | | g T2 TSnonua ek E|| e E, scaled 10 180 ns ]
. . : 2‘- :1 EX- > g o ns = 3107 - ]
* High-current drive beam S 5 || X B seaed o 1600s, 20 = w10,
. X I TD24ROSK1-KEK-KEK ?_ 7
bunched at 12 GHz ~~ Disk | 3 ToRROSKERKEK K
® TD26CCN2-CERN-CERN - ,'
T 1esh |m ianzemicern - Sy ]
e Power transfer + 3 | - *
a S
. . = e
main-beam acceleration x -/t
a R
S Structure f e T
e ~100 MV/m gradient in : LT P
main-beam cavities el lodoer ) "
CLIC BDR Criterion

e Alignment & stability \ i a0 i e

Unloaded Accelerating Gradient [MV/m]
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Accelerator challenges

Nano-beams

FOUR MAIN CHALLENGES: e The CLIC strategy

. . e Align components (10 um over 200 m
* High-current drive beam J P 1o )

bunched at 12 GHz

e Control/damp vibrations (from ground to accelerator)

* Measure beams well (allow to steer beam and optimise positions)

e Power transfer +

e Algorithms for measurements, beam and component optimisation,

main-beam acceleration feedbacks

e Test in small accelerators of equipment and algorithm (FACET at

e ~100 MV/m gradient N Stanford, ATF2 at KEK, CTF3 at CERN, light-sources)

main-beam cavities
CLIC emittance at damping rings

. ofe 10000.0 —+
e Alignment & stability ;
_ 2008 vl P
g_ 1000.0
g | APS OANKA
c 1000 ¢ ASIRD e ~ |F
= : ABA BEmR
c% [ NS PETRAIN® BESSYI
— 10.0 - P— FRNGS
8 - NLC L ATF .&j_EL. * SPEARII
[ = MAXV s ESE % oS
i 7 DIAMOND
> 10 X [ ] ;S_S
*
Australian LS
01 ! T T T 1
0.001 0.01 0.1 1 10 100

Horizontal emittance [nm]
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Accelerator challenges

Nano-beams

FOUR MAIN CHALLENGES: e The CLIC strategy

. . e Align components (10 um over 200 m
* High-current drive beam J P 1o )

bunched at 12 GHz

e Control/damp vibrations (from ground to accelerator)

* Measure beams well (allow to steer beam and optimise positions)

e Power transfer + e Algorithms for measurements, beam and component optimisation,

main-beam acceleration feedbacks

e Test in small accelerators of equipment and algorithm (FACET at

e ~100 MV/m gradient N Stanford, ATF2 at KEK, CTF3 at CERN, light-sources)

main-beam cavities
CLIC emittance at damping rings

10000.0

e Alignment & stability
: 201 6 MAXI  PERI
E 10000 - : *
o R
q : PETRAII (3GeV) ANKA
e
S 1000 ASU . ASTRDAPS 2
£ : * BAPSU ALBA  , BETTRA
CERTA_ ¢
5 o PEPX agi ngg Permalt BEY
e 10.0 = SPring-8 i NC 'f.OL'EILII g INGS
.8 - * BRIl e %% AT &j_‘EIL’ » SPEARI
£ - e WUN DIAMONDIL ¢ ¢ MAXV ¢ESF °Als
] £ TOCee (" ILCRGee (H)DIAMOND
L 10+ . e )
aucpr §5YS .
4 Australian LS
01 T T T T ]
0.001 0.01 0.1 1 10 100

Horizontal emittance [nm]
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Towards industrialisation )

AS DISC AS DISC STACK BONDING AS ASSEMBLY
- S * [nvestigating paths to industrialisation

* Target: low-cost and easy-to-

Acceptance
at CERN

Acceptancc
at CERN

manufacture structures
Lo ek * Baseline manutacturing technique:
— bonding and brazing
e Alternatives:
* Brazing as for SwissFEL

Cooling block

* Machining halves

CLIC-G* Matching Step CLIC-G* Bend waveguide

HL 32 mm D2 S mm D2 [5.2mm
L1 31 mm T2 5 mm L1 34mm (T2 |4.8mm
2 | 2mm Mx  0.75mm 2 2mm |Mx |0.2mm
D1 0.8 mm Mz 1 mm DI 1mm | Mz |1mm
T |06mm |7« Omm T 1mm |[Tx |0Omm
Tz 0.7 mm Tz |[0Omm
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Cost and power

(CERN currently consuming
Cost Power ~1.2 TWh per year)

e CLIC380: 5.9 BCHF e Total power 168 MW at 380 GeV 5 3'-' oeaTev | 1Emv | stV ]
. o B : :
e CLIC1500, add 5.1 BCHF e (Klystron-based option: 164 MW) > J
e CLIC3000, add 7.3 BCHF 8 | y
| g i 1
£ 2F .
Injectors 175 E, : :
Main Beam Production Damping Rings 309 > ! N |
Beam Transport 409 9 1 -
Injectors H84 Q . .
Drive Beam Production Frequency Multiplication 379 - . -
Beam Transport 76 L -_’-I— -
o Main Linac Modules 1329 - -
misin Linas Modizies Post decelerators 37 0
Main Linac RF Main Linac Xband RF —_ 0 5 10 15 20 25
N Beam Delivery Systems 02
geathDﬁ!n.fer)Lr?nd Final focus, Exp. Area 22 Year
o8t LOTIFION Lines Post-collision lines/dumps 47
Civil Engineering Civil Engineering 1300 . .
Electrical distribution 243 il Aain-S0am ENectors
) » Main-beam damping rings
Infrestructure and Services WYy oud Aligoment 194 Main-beam booster and transport
Cooling and ‘ventllatl.on 443 Drive-beam injectors
Transport / installation 28 m Drive-beam frequency multiplication and transport
Safety system 72 B Two-beam acceleration
Machine Control, Protection Machine Control Infrastructure 146 Main linacs (klystron)
and Safety systems Machine Protection 14 » Interaction region
Access Safety & Control System 23 W Infrastructure and services
Total (rounded) 5890 WEISSEA NS Opiasons
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Overview ot CLIC parameters @

Parameter Symbol  Unit Stage 1 Stage2  Stage 3

Centre-of-mass energy NG GeV 380 1500 3000
Repetition frequency Jeep Hz ! ' C
Number of bunches per train n, 352 312 312 ~
Bunch separation At ns 0.5 0.5 0.5 O
Pulse length TRF ns 244 244 244 -
Accelerating gradient G MV/m 72 72/100 72/100 %
Total luminosity < 10> em ™ s 1] 1.5 3.7 5.9 ‘g
Luminosity above 99% of /s Z001 10 em™s™" 0.9 1.4 2 z‘i)
Total integrated luminosity per year .7, fb~! 180 4 708 o
Main linac tunnel length km 11.4 29.0 50.1 ”%J
Number of particles per bunch N 10’ 5.2 3.7 3.7 §
Bunch length O, um 70 4 44 <
[P beam size o./0, nm 149/29 ~60/1.5 ~ 40/1 Zs
Normalised emittance (end of linac) €,/€, nm 900720  660/20 660/20 g:) §
Final RMS energy spread % 0.35 0.35 0.35 g
99
Crossing angle (at IP) mrad 16.5 20 20 ,UEJ %
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CLIC detector requirements

Vertex detector requirements

* Driven by displayed vertices resolution + increased precision for low-pr tracks — . —
e High single-point resolution: ~3 pm
e Ultra-thin: = 0.2% X, / layer (50 pm active silicon)
 Air cooling, low-power ASICs

Tracker detector requirements

* Driven by momentum resolution: opr / pr2 ~ 2 x 105 Ge V-1

e Single-point resolution: ~7 pm (large pixels / small strips)
e Material budget 1-2% X, / layer

105 | CLICdp-Note-2017-002 :
b0l . 1 s s aiis o s

e Many layers, large outer radius = has to cover ~100 m2 surface area — : ! -
integrated sensors w. large pixels (= 30 pm x 1 mm) + low-mass supports, 1 10 10° 10°
cabling and cooling p [GeV]

Calorimeter detector requirements .
Transverse-momentum resolution in

e Need very good jet-energy resolution (Particle Flow Algorithm (PFA)) the CLIC tracking detector for various

® O / E ~ 3.5% in the range 100 GeV -1 TeV ging|e_point resolution
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Vertex detector )

Design driven by flavour tagging performance (minimal scattering, high-resolution)
To reach impact parameter resolution: very thin materials/sensors: 0.2% Xo material per layer (equivalent to 200 um of Si)

~1.3 billion pixels, each 25 pm square with a single point resolution of ~3 pm

~0.84 m?2

No material budget for liquid cooling. Cooling is achieved via: 3 cylindrical double
layers in the barrel

e Active air cooling strategy that induces a spiral airtlow
* Power-pulsing of the front-end electronics

~9 ns precise time stamping

Current technology choice assumes 25 pm square

pixels, using hybrid pixel technology

260 mm

o ASIC thickness 50 um connected to 50 um sensor

e Slim edge planar sensors and HV-CMQOS both
considered

3 spiral double layers in
the forward regions
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* Design optimised for good efficiency and momentum
resolution (many layers, large lever arm)

* To provide the required track momentum resolution of Oyt / pt?
~ 2 x 10> GeV-1build a large Silicon tracking volume ina 4 T

magnetic field

~140 m2 surtace, ~600 million channels

Single point resolution of ~7 pm

Tracking detector

Large occupancy from beam-induced background - short

strips/long pixels

Low material budget 1-2% Xo per layer

Larger radius than CMS tracker, same material budget as ALICE

(mechanically a great challenge)

e Inner tracker with 3 barrel layers and 7 forward disks

| e Quter tracker with 3 barrel layers and 4 forward disks

e Support shell separating inner and outer trackers

e Monolithic detector with (elongated) pixels, 200 pm

sensor, including electronics
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Calorimeters

e Jet energy resolution of og /E ~ 5 - 3.5%
e Highly granular calorimeters requirea
e Electromagnetic Calorimeter: Si-W
e 2 mm tungsten plates, 500 pm silicon sensors
e 40 layers 22 XO or 1 Al , 5 x 5 mm2 cell size
e ~2500 m2 silicon, 100 million channels
 Hadronic Calorimeter: Scint-Fe
* 19 mm thick steel plates, interleaved with 3 mm thick
plastic scintillator + SiPMs
e 60 layers: 7.5 Al', 30 x 30 mm2 scintillator cell size
e ~ 9000 m2 scintillator, 10 million channels / SiPMs
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