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Main topics

* Introduction
- Why is CLIC an interesting option for the future?

* Physics potential
- Why has CLIC a unique physics potential?

* CLIC accelerator
- Which are the key issues?

* CLIC detector
- What is the role of each sub-detector?

* Conclusion
- Have | convinced you?



“My own visions of CLIC”
Artwork by Vilma Heiskaner, 2010

Introduction



Success of the LHC

« Standard Model results

January 2018 CMS Preliminary
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BSM at the LHC

« Limits on Physics Beyond Standard Model (BSM)

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

December 2017 \Vs=7,8,13TeV
Model &MY Jets EL™ [Lam™) Mass limit V5=7,8TeV |[s=13TeV| Reference
@, —a%) 0 26jets  Yes  36.1 mEE)<200 GeV, m(1* gen. §)=m(2™ gen. q) 1712.02332
o 99 4%} (compressed) mono-jet  1-3jets  Yes  36.1 m(g)-m(E))<5 GeV 1711.03301
Q233430 0 2-6jets  Yes  36.1 mE72)<200 GeV 1712.02332
§ 28, 8—qa¥i >gqWH] 0 26jets  Yes  36.1 m(¥})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) 1712.02332
& & Z-qq(e0X] - ee, 2jets  Yes 147 m(})<300 GeV, 1611.05791
o 28, B-qq(ee/vti 3ep 4jets = 36.1 mi@))=0 GeV 1706.03731
3 BB aoagWZh Y 7-11jets  Yes  36.1 m(@}) <400 GeV 1708.02794
S GMSB (?NLSP) 1-27+0-1¢ 02jets  Yes 32 1607.05979
E GGM (bino NLSP) 2y - Yes  36.1 ¢7(NLSP)<0.1 mm ATLAS-CONF-2017-080
GGM (higgsino-bino NLSP) 7. 2jets  Yes  36.1 m(#)=1700 GeV, cr(NLSP)<0.1 mm, >0} ATLAS-CONF-2017-080
Gravitino LSP 0 mono-jet  Yes 20.3 F2 scale 865 GeV m(G)>1.8 x 10~ eV, m(g)=m(g)=1.5TeV 1502.01518
§, E 28, 3->bbY] 0 3b Yes  36.1 m(72)<600 GeV 1711.01901
T w0 88 o) 0-1e,u 3b Yes  36.1 m(¥})<200 GeV 1711.01901
Bbiby, bi—b¥) 0 2b Yes  36.1 m())<420 GeV 1708.09266
-g §  biby bt 26,1 (SS) 1b Yes  36.1 [ 275700GeV] m(E})<200 GeV, m(¥})= m(¥})+100 GeV 1706.03731
S8 nf, bty 02¢p 1-2b  Yes 4.7/13.3 117-170GeV | 200-720 GeV meE;) = 2m(E}), meP})=55 GeV 1209.2102, ATLAS-CONF-2016-077
%'g fif, Lo WbES or ) 0-2e,u 0-2jets/1-2b Yes 20.3/36.1 90-198GeV. ~ 0.195-1.0TeV meE)=1GeV 1506.08616, 1709.041883, 1711.11520
S8 7, ooty 0 mono-jet  Yes  36.1 m(&)-m(E})=5GeV 1711.03301
S B fifi(natural GMSB) 2e,u(2) 1b Yes 203 |4 150-600 GeV m(&})>150 GeV 1403.5222
35 hhhoh+Z 3e,u(2) 1b Yes 361 |& ~ 290-790 GeV m(¥))=0GeV 1706.03986
b, h-h +h 1-2e,u 4b Yes 361 |7 ~ 320-880GeV m(#)=0GeV 1706.03986
ZLROLR, Z—»e)z‘l’ 2e,u 0 Yes 36.1 m(#d)=0 ATLAS-CONF-2017-039
XIXT, %] —8v(£7) 2e,u 0 Yes  36.1 me#)=0, m(Z, )=0.5(m(¥; }+m(E})) ATLAS-CONF-2017-039
XX 103, 5 —Fv(av), Xy —Fe(v) 27 = Yes  36.1 m¥)=0, m(#, #)=0.5(m(¥; )+m(¥])) 1708.07875
> g TEELVELEY), EELEGY) 3eu 0 Yes  36.1 mE;)=m(#3), mE3)=0, m(Z, »)=0.5(m(¥; }+m(¥7)) ATLAS-CONF-2017-039
e W ZE) 23e,u  O2jets Yes 36.1 m(¥s)=m(¥3), m¥})=0, Z decoupled ATLAS-CONF-2017-039
E ig)?g—»W)??h)?? , h—bb/WW/rt/yy emy 026 Yes 203 270 GeV mEFE)=m(F2), miE?)=0, Z decoupled 1501.07110
o3, X33 > lrt dep 0 Yes 203 |%, 635 GeV MEE)=m(E3), m(E2)=0, m(Z, 7)=0.5(m(E3)+m(iY)) 1405.5086
GGM (wino NLSP) weak prod., ¥1—yG 1e.p+7y = Yes 203 |w 115-370 GeV cr<imm 1507.05493
GGM (bino NLSP) weak prod., 1>y~ 27 E Yes  36.1 cr<imm ATLAS-CONF-2017-080
Direct X1%] prod., long-lived ¥1 Disapp. trk 1 jet Yes  36.1 m(E;)-m(E7)~160 MeV, 7(¥i)=0.2 ns 1712.02118
Direct ¥1¥7 prod., long-lived X7 dE/dx trk = Yes 184 mEs)-m(Z1)~160 MeV, 7(¥i)<15 ns 1506.05332
'§ @ Stable, stopped g R-hadron 0 1-5jets Yes 27.9 m(¥)=100 GeV, 10 us<7(3)<1000 s 1310.6584
> O Stable g R-hadron trk E = 3.2 1606.05129
'S Metastable z R-hadron dE/dx trk : E 32 m(P)=100 GeV, r>10 ns 1604.04520
S 8 Metastable z R-hadron, g—qg¥} displ. vix . Yes 328 7(8)=0.17 ns, m()) = 100GeV 1710.04901
=l GMSB, stable 7, ¥)—#(Z, fi)+(e, i) 12u i = 19.1 537 GeV 10<tang<50 1411.6795
GMSB, Y-y, long-lived ¥} 2y : Yes 203 |# 440 GeV 1<r(%3)<3 ns, SPS8 model 1409.5542
38, XY —eev/euv/upy displ. ee/ep/pp - = 20.3 7 <ct(¥)< 740 mm, m(z)=1.3 TeV 1504.05162
LFV pp—¥: + X, ¥r—ep/et/ut epeT.uT : = 32 2311=0.11, A132/133/233=0.07 1607.08079
Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 1.45 TeV m(g)=m(g), ctzsp<1 mm 1404.2500
T WX >eev, ey, v dep : Yes 133 m(E)>400GeV, 120 (k = 1,2) ATLAS-CONF-2016-075
S XL WL s trve, ety e+t - Yes 203 ME2)>0.2xm(F;), Aras0 1405.5086
& 22, 3—qq%1, X] > qqq 0 4-5large-Rjets - 36.1 m@))=1075 GeV SUSY-2016-22
O X5 qqq 1e,u 810jets/0-4b - 36.1 mE)= 1 TeV, 1120 1704.08493
88, g—fit, fiobs lepn 810jets/0-4b - 36.1 m(f)= 1 TeV, A3 20 1704.08493
ff, fiobs 0 2jets+2b - 36.7 11480-610 GeV 1710.07171
fify, fi—bt 2e,pu 2b = 36.1 [ T 0'a1a5ev, BR(f, —be/u)>20% 1710.05544
Other Scalar charm, é—c¥} 0 2¢ Yes 203 |& 510 GeV m(¥})<200 GeV 1501.01325
*Only a selection of the available mass limits on new states or = 1
phénomena is shown. Many of the limits are based on 10 Mass scale [TeV]

simplified models, c.f. refs. for the assumptions made.



What’s next?

LHC / HL-LH Hium Y

LHC . HL-LHC

LS1 EYETS 14 TeV 14 Tev

13 TeV YOU energy
splice consolidatio I"IQI‘ET?EE INJECTOR UPGRADE EOI?HLQI
n olimit -
7 TeV 8 TeV button collimators TDIS absorber interaction . HL LH(.: luminosity
R2E project 11T dipole & collimator regions installation I
Civil Eng. P1-P5
2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 2019 | 2020 | 2021 | 2022
ATLAS - CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosity 2.5 x nominal luminosity upgrade phase 2
7% nominal luminosity I ALICE - LHCb e 1
nominal upgrada
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* HL-LHC up to 2038
* What'’s next-to-next?
- Future hadron collider
- Future electron collider
- Something that is not a collider
* When do we have to start planning? LEP was formally approved in 1981 and civil
engineering work began on 13 September 1983. First beam circulated on 14 July 1989.



What’s next-to-next?

% vk

Future Circular Collider (FCC): CERN
e-e*, vVs: 90 - 365 GeV; pp, Vs: ~100 TeV
Circumference: 97.75 km

:f Legend

emmm CERN existing LHC

Potential underground siting :

esee CLIC 380 GeV
» esee CLIC1.5TeV
esse CLIC 3 TeV

Jura Mouyntains

Compact Linear Collider ( ): CERN \ s
e-e*, vs: 380 GeV, 1.5 TeV, 3 TeV
Length: 11 km, 29 km , 50 km

International Linear Collider (ILC):
Japan (Kitakami)

e-e*, vVs: 250 GeV (500 GeV)
Length: 17 km (31 km)

Circular Electron Positron Collider
(CEPC), China

e-e*, Vs: 90 - 240 GeV; SPPC pp,
Circumference: ~100 km




Hadron vs. e'e colliders

P
Hadron colliders: e*e” colliders:
« The proton is a compound object . e'e are point-like
- |n|t|a_l §tate_ UI_nknown — Initial state well-defined
— Precision limited _ High-precision measurements
* Higher energy reachable * Lower energy than hadron, but
Vs > 350 GeV is still possible with linear
collider
* High rates of QCD background * Clean experimental environment
- Complex triggers _ Less, or even no, trigger

~ High levels of radiation ~ Lower radiation levels



Hadron vs. e'e colliders

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

i . - . 109
103 .tutnj..; ; .............................. é ........................................... : ............... 108 A
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101 HHZ
L [ 1 I 1 1 I 1 1 I

_ . —2 [l 1 1 1 1 )
PP °°"'_S'°"S' Lol 1000 2000 3000
Interesting events need to be s [GeV]

found in a huge number of collisions

e*e collisions:
More “clean” environment, all events usable



Luminosity performance (e’e)

= . I L
0 —=— CLIC 1 Circular colliders:
E i —— ILC i
2 | . _
L 10 o+ ILC LumiUP 1 Large instantaneous luminosity at lower
D : —e— FCC-ee (2 IPs) 1 energies
T . e FCC-eelow §*(21Ps) | | yminosity decreases with energy
1 —=— CEPC (2 IPs)
10 E
: ] Linear colliders:
I |« canreach the highest energies
1 3 3« Luminosity rises with energy
= PR I T TR TR TR NN TN TR SH S R T
* Beam polarization possible
0 1000 2000 3000 P P
/s [GeV

Note: Peak luminosity at LEP2 (209 GeV) was ~10%? cm?s!



CLIC In a nutshell

* CLIC = Compact Linear Collider

C°mPact Linear Collider (CLIC) ’ 74}
| BB 380 GeV - 11.4 km (CLIC380) |

* High-luminosity linear e*e collider Bt 2. At i BB

- 1 3.0TeV-50.1km (CLIC3000)

* Centre-of-mass energy from few hundred
GeV up to 3 TeV

* Staged construction
* The CLIC studies are carried by two

international collaborations:
— CLIC accelerator coIIaboratlon

Geneva

Together ~80 institutes

* Physics goals:
— Precision measurement of SM processes
- Precision measurement of new physics (discovered at LHC or CLIC)
-~ Search for BSM

Erica Brondolin



CLIC timeline

2013 - 2019 Development Phase 2020 - 2025 Preparation Phase
Development of a Project Plan for a staged CLIC Finalisation of implementation parameters,
implementation in line with LHC results; technical preparation for industrial procurement, Drive
developments with industry, performance studies Beam Facility and other system verifications,
for accelerator parts and systems, detector Technical Proposal of the experiment, site
technology demonstrators authorisation

1

2019 - 2020 Decisions 2025 Construction Start 2035 First Beams
Update of the European Strategy for Particle Physics; decision Ready for construction; Getting ready for data taking by the time
towards a next CERN project at the energy frontier (e.g. CLIC, FCC) start of excavations the LHC programme reaches completion

= - v . . :

- =il
e —— e b\
@ Compact Linear Collider




of CLIC”
Artwork by Sean Steed, 2010

“My own visions

Physics potential



Main physics topics

* Higgs boson

* Top quark
* BSM (direct and indirect)

* What can we learn by studying the Higgs boson and the top quark in collisions?
* Which precision measurements can hint to new physics at very high scales?
* Can CLIC make direct observations although the LHC has found nothing so far?

Stage Vs L. (fb?) | ,ZI
-
L JBocev 100
2 1.5 TeV 1500 |
3 3 TeV 3000

Erica Brondolin



Higgs physics at CLIC

o(e*e” — HX) [fb]

10

CEEEE R ER

e
-] HHy :
| .’ E A S i
0 1000 * 2000 3000
s [GeV]

Single Higgs production:

° :e'e - ZH
o ~ 1/s, dominant up to ~ 450 GeV
Higgs identification from recoil

* WW fusion: e'e” —» Hv_v_
o ~ log(s), dominant above ~ 450 GeV
Large statistics at high energy

* ttH production: e'e” - ttH
Accessible > 500 GeV, maximum ~ 800 GeV
Direct extraction of the top Yukawa coupling




Higgs physics at CLIC

CLICdp
1.2 model independent

coupling relative to SM

o 350 GeV
o+14TeV
e +3TeV

High precision measurements:

coupling relative to SM

- Couplings with sub-1% level (at 1% for rare decays)

- Higgs width: 3.4%

111 CLICdp o 350 GeV ]
model dependent O+1.4TeV
e +3TeV

0.9 |- 2

O Accuracy significantly better than HL-LHC
O Accuracy comparable to HL-LHC



Top-quark physics at CLIC

Motivations:
* Top quark is the heaviest known particle
* Yukawa coupling to Higgs bosony~1 - key to

understanding Electroweak Symmetry Breaking
* Top quark decays before hadronising
- test ground of QCD
* Large loop contribution to many precision measurements
* Sensitive to many BSM scenarios a window to BSM
* So far top quark only measured at hadron colliders

Production:
° e'e L tt:
Production threshold at Vs ~ 2m,

—
o
III| | L L

Large event sample at 380 GeV
* e'e - ttH:
Maximum near 800 GeV

o(e'e » tf(+_2()) [fb]

ttH

= -ty
=
2
@

* e'e’ > ttv v_(Vector Boson Fusion): o) s /Sl e SR
1000 2000 3000
Vs [GeV]

Benefits from highest energies



Top-quark physics at CLIC

Dedicated measurements:

* Top quark mass: EOJ £ f thweshold - Olear_'II'hre;hoIleNl\llLOI :
~, Threshold scan at 350 GeV (100 fb?) elis _T;?LﬁftL§N1Z125§va1sy cev E
Best experimental and theoretical precision on its mass & 9° - T variatons £ 015 GeV E
- Direct reconstruction Boar

0.8 m

| simulated data points

* Top-Yukawa coupling: 02k 100 " ot E
— Precision measurement of the top EW couplings 0_15 E
- Indirect searches of BSM physics gl 8 R
340 345 350
_ s [GeV]
* Probe of new physics:
— Measurement of V, in single top production R T T

| —— Signal + background
30 - [ ] SM background

{s =380 GeV 7

Events

— Top quark production asymmetries
— FCNC top-quark decays

20 |

High statistics in continuum at 380 GeV (500 fb?) i i
10 |- s

0 |: RN . ——l.—"‘_.r'—| L NN N .

120 140 160 180

m, [GeV]



Beyond Standard Model at CLIC

Cross-section [fb]

T
- o <KX <

| —
<
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107

3 tt H+X E
N ;
.E _/1"‘_ — E
5 A= 5
' f F?—‘_\‘ = ]
- ﬂm——i-":’ :
‘p'a-ml.'.
0 1000 2000 3000
(s [GeV]

— Higgs — SM tt

—% [, 8 — v, VM,VE

—— charginos — neutralinos

—— squarks

CLIC operating at high energy provides
significant discovery potential for BSM
physics

Direct searches of new particles:

— Possible observation of the new
phenomena thanks to the low background
(no QCD)

— Precision measurements of new particle
properties (also for the ones discovered in
(HL-)LHC)

-~ Sensitivity often extends up to the
kinematic limit (e.g. m < Vs / 2 for pair
production)

Indirect searches of new physics:

— Precision measurements of sensitive
observables reveal a signs of new physics,
comparing to the SM expectations

— The reach is higher — several tens of
TeV



Beyond Standard Model at CLIC

- - . —_— 80
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- Forward-backward asymmetry Integrated luminosity [fb}

- Left-right asymmetry (with £80% e- polarisation)

* If LHC discovers Z’ (e.g. for M,=5 TeV)

-~ CLIC precision measurement of effective couplings
otherwise:
— CLIC discovery reach up to tens of TeV (depending on the couplings)
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CLIC accelerator

CLIC = Compact Linear Collider

High-luminosity linear e*e collider Pi SR 1.5 Tev - 29.0kn (CLICTS00) B

| [ 3.0TeV-50.1km (CLIC3000)

CLIC would be implemented in several
energy stages
Baseline scenario:

Stage Vs L, (fb?) |
. 380 GeV 500 1) 50 R
350 GeV 100 s foi '
2 1.5 TeV 1500
3 3 TeV 3000
- detector drive beam —— |
* Possible polarization of the beam = Efci:era:or;gm/m
* Possibility to adapt the stages to new
LHC discovery! & e

unused arcs
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CLIC layout at 3 TeV

540 klystrons
20 MW, 148 ps | | |

drive beam accelerator

| Drive Beam '

A

2.5 km
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I | 20MW, 148 ps

drive beam accelerator

circumferences I
delay loop 73 m

CR1293 m
CR2439m

Y

2.5 km

decelerator, 25 sectors of 878 m

BC2 BC2
N\ BDS BDS /
2.75 km 2.75 km
TA e~ main linac, 12 GHz, 72/100 MV/m, 21 km e* main linac TA
- N/
50 km
CR combinerring
TA  turnaround
DR damping ring booster i
PDR predamping ring ooster linac ;
BC bunch compressor 2.86t0 9 GeV Malg Bean
BDS beam delivery system
IP  interaction point
B dump
e~ injector e’ injector
2.86 GeV 2.86 GeV




CLIC layout at 3 TeV

540 klystrons 3 ) 540 klystrons
20MW, 148 s | | | Drive Beam circumferences | | | 20MW,148ps
— . delay loop 73 m ' .

drive beam accelerator CR1293 m drive beam accelerator

— e CR2439 m A RO

2.5 km 2.5 km g
delay loop » 4 delay loop

decelerator, 25 sectors of 878 m

H
BC2 M TTT YITTTE Y TITT vy el T T v T T BC2

e~ main linac, 12 GHz, 72/100 MV/m, 21 km

et main linac

50 km

High centre-of-mass energy requires high-gradient acceleration
— CLIC uses a Two-beam acceleration scheme at 12 GHz, gradient of 100 MV/m

peam delivery system
IP  interaction point

B dump
e+
e~ injector PDR e’ injector
2.86 GeV 389m 2.86 GeV



CLIC layout at 3 TeV

540 klystrons
20 MW, 148 pus I I I

drive beam accelerator

e 2AGeVOGHZ

= 2.5 km

Y

540 klystrons

| Drive Beam ' circumferences I I I 20 MW, 148 pis
delay loop 73 m :
CR1293 m drive beam accelerator
CR2439 m — 11 T AL 1 S—
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Erica Brondolin

/#
2.75 km 2.75 km 4 J\

et main linac

* RF power source using “Two-beam technigque”
Drive beam: high current (100 A), low energy (2.4 GeV -
240 MeV), klystron acceleration
Main beam for physics: lower current (1.2 A), high
energy (9 GeV-1.5 TeV), accelerated by the RF cavities
powered by the deceleration of the drive beam in special
RF structures (PETS)

* Two beam technique demonstrated at CERN, CLIC CTF3
test facility



main beam




e*e Pairs

Beam-induced backgrounds o o

iy,

Beamstrahlung

CLIC achieves high luminosities by using extremely small beam sizes
- 3 TeV CLIC bunch size: O,yz™ {40 nm, 1nm, 44um;} (at LHC o, = {16.7 pm, 7.55 cm})

- very high EM-fields -~ beam-beam interactions

10”;"":"'I""I""I""
Main backgrounds: o~ 0'°F : 3 TeV backgrounds "
° (an) — : —+— incoherent e'e’ =]
“—g 108K . —+— beamstrahlung y .
Real y interacts with beam field L% il N B
~ Very forward region Sk 1 T E
* Trident e*e pairs i r"nﬂx :
Virtual y interacts with beam field 3 ;W: =
. 2 102 = I —
— Very forward region w o fj’ - i
* Incoherent e’e” pairs 20 30 a0 =
Virtual or real ys interact with individual particles 6 (mrad)
— High occupancy * Effect is dependent on Vs
— Impact on detector granularity and design * Main effects:
(in particular for the forward region) — Background particles
*lyy - hadrons — Reduces Vs

Virtual or real ys interact with each other
— High energy deposits
— Impact on detector granularity, design and physics measurement



Luminosity spectrum at CLIC

101 ST W URE ETE FTRT L B LR RS e
E—— CLIC 380 GeV
1072

1o-3gff CLIC 3 TeV .
w 10k E
=2 5: .
et 0BG = E
== - s -

109k il

3
iz ! \ +3
10 ¢ :
10—8 CLIC work in progress ]
1 L 1 L I L 1 L |§
0 0.8 1
X= vg/ M nom

Fraction Vs’lVs 380 GeV 3 TeV
> 0.99 63% 36%
> 0.9 91% 57%
> 0.8 98% 69%
> 0.7 99.5% 77%
> 0.5 =100% 89%

* Due to beamstrahlung, important energy losses right at the interaction point

* Collision energy is reduced by the amount lost in beamstrahlung before collision
* Most physics processes are studied well above production threshold

— Can profit from almost full luminosity




“My own visions of CLIC”
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CLIC detector
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Detector technology R&D

CLIC detector layout and technology has to be optimized for:
* Physics program at CLIC:
- Precision measurements
— Searches for New Physics
* Experimental conditions at CLIC:
— Colliding system
— Collision energy and energy spread
— Beam-induced backgrounds
* Affordability and feasibility



Detector requirements

Momentum resolution

(e.g. H - p'u7, leptons from BSM processes) '28' i | ' n _lr;ol Slmle:arlinlgl i
_ _ 60 |- 5E 16w
O pr /D7 ~ 2% 107 GeV™! | —0p Ipr=4x107
i —a, /pP=8x10" |
above 100 GeV 40 - o Pr N
Energy resolution for light-quark jets :
(e.g. W/Z/h di-jet mass separation) 28 B
OF -
— ~35-5% :
E %0 500 1000 1500 _ 2000
for E =50 GeV -1 TeV P, [GeV]
+ - ~ 4 ~— +..— =00
. — —
Impact parameter resolution ©c URrHR W% X

(e.g. b/c tagging, Higgs couplings)
3
ors =5®15/(p[GeV]sin2 6) um

Lepton identification efficiency > 95 %
Very forward electron tagging



Detector requirements

Momentum resolution

. _'(é) _' S e e e
(e.g. H - p'y, leptons from BSM processes) 5 ] (\ e
2 -5 -1 i — 0o, /Mm=2.5% 7
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pr! P S —g://m =10% |
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< 4l i
Energy resolution for light-quark jets I
(e.g. W/Z/h di-jet mass separation) 21 E
OF
— ~35-5%
E el ) EEP R e S . - -
_ 60 70 80 90 100 110 120
for E =50 GeV — 1 TeV Mass [GeV]

Impact parameter resolution
(e.g. b/c tagging, Higgs couplings)
3
o = 3@ 15/(p[GeV]sin2 0) um

Lepton identification efficiency > 95 %
Very forward electron tagging



Detector requirements

Momentum resolution
(e.g. H - p'y, leptons from BSM processes)

2 -5 -1
op, [ Pp7 ~ 2% 1077 GeV
above 100 GeV

Energy resolution for light-quark jets

(e.g. W/Z/h di-jet mass separation)
OF

— ~35-5%
E

for E =50 GeV -1 TeV

Impact parameter resolution
(e.g. b/c tagging, Higgs couplings)
3
o = 3@ 15/(p[GeV]sin2 0) um

Lepton identification efficiency > 95 %
Very forward electron tagging



CLIC detector concept

Designed for Particle Flow Analysis (PFA) and optimised for CLIC environment
Basic characteristics:

+ B-field: 4T %
* Vertex detector with 3 double layers A
* Silicon tracking system (R ~ 1.5 m)
- ECAL with 40 layers (22 X )

« HCAL with 60 layers (7.5 A)

* Muon chambers for Muon 1D

* Last focusing magnet QDO
outside detector: increased HCAL
forward acceptance

Vertex detector

Forwgrd
calorimeters

12.8 m

Precise timing for
background suppression
(bunch crossings 0.5 ns apart):
* <10 ns hit time-stamping in tracking \/
* <1 ns accuracy for calorimeter hits

Superconduct

Return yoke & solenoid

muon chambers



Vertex and tracking detectors

Vertex detector Silicon Tracker

* Flavor tagging capabilities drive the * Very good momentum resolution drives

design of the vertex detector the design of the tracker

— Precise determination of displaced . Requires large B - R2

vertices - Many layers
* Detector composed of 25 x 25 uym? pixels  « Tracker composed of large pixels/strips:
* Total surface area ~ 0.84 m? 50-300 pm thick
* Extremely accurate and light 50 um = (1 mm or 10 mm) layout sizes
* Main features: * Total surface area ~ O(100 m?)

— Single point resolution: 0 < 3 um * Main features:

— Inner radius: R = 31 mm — Single point resolution: 0 ~ 7 um

-~ Material budget: < 0.2 % X, per layer ~ Largerradius: R=1.5m
* Time stamping: < 10 ns - Material budget: ~ 1-2 % X, per layer
* Time stamping: < 10 ns



The Particle Flow approach

Main idea of Particle Flow approach:

* Average jet composition:
60% charged particles
30% photons
10% neutral hadrons

T~

TL--I-

=
b
Pt
— -

EJET e EECAL i EHCAL |

7@. thy




The Particle Flow approach

Main idea of Particle Flow approach:

* Average jet composition: . Use the best information 3 g ﬂ'}‘z—_"—"“
0 ' + il
60% charged particles - tracker 14 Aﬁ‘_
0 .
30% photons -~ ECAL i T
10% neutral hadrons ~ HCAL e : Eﬁ g';::
* Hardware: il
Ejer= EecaL T Encal l

Resolve energy deposits from different particles
— High granularity calorimeters

* Software:
Associate energy deposits to the correct individual particle
— Sophisticated reconstruction software

!
’- %ﬁ:

| Ejer= Emrack tE, + E,




PFA calorimeters

* Jet energy resolution drives the design of the calorimeters
— Highly granular calorimeters

* ECAL composed of Si-W:
2 mm thick tungsten plates interleaved
with 500 um thick silicon sensors

40 layers 22 X, and 1 A

5 x 5 mm? silicon cell size
Active area ~ 2500 m2 silicon
~ 100 million channels
* HCAL composed of Scint-Fe:
19 mm thick steel plates interleaved with
3 mm thick plastic scintillator + SiPMs

60 layers: 7.5 A

30 x 30 mm? scintillator cell size
Active area ~ 9000 m? scintillator
— ~ 10 million channels / SiPMs
* Compact design of all components
* Time stamping: <1 ns

-

X
Ea
o

e

Erica Brondolin



Forward CALorimetry: FCAL

LumiCal R, =34cm, BeamCal R ,=15cm

Tracker ECAL Muon System

e and y acceptance to small angles
Very compact design (sensors, read-out, absorber)
— small Moliere radius

Luminosity measurements drive the design of the LumiCal
LumiCal composed of Tungsten/Silicon

Very forward electron tagging drives the design of the BeamCal
BeamCal composed of Tungsten/GaAs



Full det simulation and optimization

* Full Geant4 detector simulation including overlay of beam-induced backgrounds
* Full reconstruction chain including

reconstruction of tracks and clusters - particle flow objects - jets - flavor tagging
* Optimization of CLIC detector model in full detector simulations

— Ensure that detector performance meets requirements

- Validate full software chain

-6

— 4020 CIGERIER KIS N
> B Single p eB=35T F
@ 35F p =500 GeV, 6 = 90° AB=40T -
O, : :
< 30F E
iy 1 : :
Q  25F :
d - :
) | :
S 20f
Y : :

15F -

RS S i R NS B8 R N e e SR ERE e S B SR
1200 1300 1400 1500
Rmax[mm]



Beam-induced background rejection

Beam-induced background from yy - hadrons can be efficiently suppressed by applying
p, vs. time selections on individually reconstructed particles (particle flow objects)

— Cuts optimized for detector regions
— Cluster time obtained by combining hit timing information

Before the pt vs. time selections

Example: ete— - ttH -~ Wb Wb H - qgb tvb bb at 1.4 TeV



Beam-induced background rejection

Beam-induced background from yy - hadrons can be efficiently suppressed by applying
p, vs. time selections on individually reconstructed particles (particle flow objects)

— Cuts optimized for detector regions
— Cluster time obtained by combining hit timing information

After the pt vs. time selections

Example: ete— - ttH -~ Wb Wb H - qgb tvb bb at 1.4 TeV



CLICdet performance (l)
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—

* Transverse momentum resolution of * Jet energy resolution of 3.5 — 5 %
2 x 107 GeV achieved for high-energy achieved for E = 50 GeV — 1 TeV using
tracks in the barrel particle flow analysis and software
compensation

* Requires detailed calibration and
optimization for all detector regions



CLICdet performance (ll)

e e 1 i T T
© il
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- o 81071k .
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vertices © o
© © LF Background
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* Jet reconstruction using jet 200 GeV
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“My own visions of CLIC”
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Conclusions



Have | convinced you?

* CLIC is e*e™ collider from a few hundred GeV up to 3 TeV
* CLIC is a mature international project
* CLIC is a precision machine with a unique physics potential
— Allows for precision Higgs boson and tt measurements and searches for physics
beyond the Standard Model at the TeV scale
* The accelerator feasibility issues have been addressed up to this date
* CLIC machine environment and physics goals lead to challenging requirements
for detector and software
- Ultra-light vertex and tracking detectors
— Fine-grained calorimeters and Particle Flow Analysis
— Full detector simulation studies for detector optimization
— Proof-of-concepts of most-challenging detector concepts

* A statement about CLIC as a future option for CERN is expected from the 2019-
2020 update to European Strategy of Particle Physics - stay tuned!



E

Thank you for the attention!
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Duty cycle and bunch separation

CLIC@3TeV
bE‘EIm | Not to scale
structure
Property Linear colliders operate in bunch trains:
Vs 380 GeV 1.5/3 TeV : . .
* Bunch separation drives timing
Train repetition rate 50 Hz 50 Hz requirement of detector:
Bunches / train 356 312 < 10 ns hit time-stamping in tracking
Train duration 178 ns 156 ns < 1 ns accuracy for calorimeter hits
_ * Low duty cycle:
Bunch separation 0.5 ns 0.5ns Possibility of power pulsing of detectors
Duty cycle 0.00089% 0.00078%




High Accelerating Gradient Challenge

 State of the art superconducting cavities can provide 35 MV/m but require costly
cryogenics installation

* Widely used accelerator power sources - klystrons - cannot efficiently provide pulses at
required frequency (12 GHz), pulse duration (152 ns)

* Required 9.2 TW peak RF power, 244 ns pulse length repeated at 50 Hz would need
35 000 klystrons to provide enough power - unfeasible and cost ineffective

* Klystrons can be used to give power to classical low frequency cavities and accelerate
a so-called drive beam

* This beam with low energy (2.4 GeV) and
high current (100 A) is used as a power source
for high frequency RF cavities

* Drive beam is thus decelerated in special
Power Extraction and Transfer Structures
(PETS) to only 10% of its initial energy

klystrolns
drive beam e

Cost [arb.u.]

O = N W & 01 OO N

0 05 1 15 2 25 3
E.m [arb.u.]
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