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@) CLIC in a nutshell

S/

. e*e- collisions @ Vs 350 GeV - 3 TeV
« Luminosity: a few 1034 cm-2s-"

« 2-beam acceleration scheme

» At room temperature

» Accelerating gradient 100 MV/m
 CDR published in 2012

;‘ Legend
emmm CERN existing LHC

Potential underground siting :

ee CLIC 380 GeV
CLIC1.5TeV
es CLIC 3 TeV

JuraMountains

(2l e

Parameter 380 GeV 1.5 TeV 3 TeV

Luminosity &£ (103%cm2sec) 1.5 3.7 5.9 £ increases with Vs
&£ above 99% of Vs (1034cm2sec?) 0.9 1.4 2.0 beamstrahlung effect
Bunch separation (ns) 0.5 0.5 0.5

Number of bunches per train 352 312 312 “bunch train”
Repetition frequency (Hz) 50 50 50

Beam size at IP 6,/0,/a, (nm/nm/pm) 150/2.9/70 | ~60/1.5/44 |~40/1/44 |verysmallbunch size
Accelerator gradient (MV/m) 72 72/100 72/100

Site length (km) 11 29 50

Estimated power cons. P, (MW) 252 364 589 key development focus




\/ CLIC test facility CTF3

CTF3 successfully demonstrated:

v drive beam generation

v RF power extraction

v two-beam acceleration up to a
gradient of 145 MeV/m

\. | |

2-beam acceleration module in CTF3
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\/ pp collisions / e*e” collisions

S/
8 TeV 14 TeV 33 TeV 100 TeV ..
0% e tHe HE LHC VLHC 10° pp and e*e" collisions
10°f- o | e — o 10° A provide complementary physics
107 i PPCrosssection i 407 information => important for
10° : : ; 10° our field to have both !
10° 10°
10* 10°
factor > 108
= 10° 10°
£ 10 10
@) 10 5107 | i | | |
1 il :106 qq (g=u,d,s,c,b)
v < e*e” processes
: 10" 2 10°
; 102 o 10°
= 10° 0 10° 0 e ———
10‘5 o 1 oa | . lliCFvﬁloHiggsEurope‘an §tr:‘1!eiy 105 _________ 10 g He+e-
10 . 10° L
\s [TeV] collision energy 1 HHY.Y,
10°° / HHZ
* Interestin events need to be found i
& PP 1075 1000 2000 3000

within a huge number of collisions collision energy\V's [GeV]

* e'e events are more “clean”

Lucie Linssen, CERN, July 17, 2017



\/ CLIC staging scenario m

N/

The CLIC program builds on energy stages:
Maximizes physics output, enables realistic funding profiles, delivers key physics early

"Q 4000 [ [IMegrated iminosiy] -
= [ | — Total ] —1
2 - |[—__ 1% peak 7 Stage \/E (GeV) |nt (fb )
h 3000 = 3
271 380GeV |1.5TeV |3 TeV|: 1 380 500
= [ ] 350 — 100
> 2000 |- — -
- : ] 2 1500 1500
% [ ] 3 3000 3000
+ 1000
@ b -
2 I r|—'_I— v
c 0 __=|=|::|:!:1 . = BT Dedicated to top mass threshold scan
0 5 10 15 20
Integrated luminosity including commissioning Ye ar
with beam and stops for energy upgrades
* 380 GeV (350 GeV), 600 fb: precision Higgs and top physics
e 15TeV,1.5ab?: BSM searches, precision Higgs, ttH, HH, top physics
* 3TeV,3ab?: BSM searches, precision Higgs, HH, top physics

CLIC is extendable! May profit from even more advanced technologies for high-E stages
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the CLIC physics program

* Higgs boson
* Top quark
* BSM (direct and indirect)

|
|
j
|
]
|
|
!
!

* Physics benchmark studies use the two CLIC CDR detector models
* Geant4-based detector simulation and event reconstruction
* Include effects of beam-induced backgrounds and luminosity spectrum

s —

= Return Yoke + muon ID
_— 4T solenoid

Note: the staging scenario used for _ Ultra light +
most benchmark studies was a bit

different from the new CLIC baseline

_~ Fine grained calorimeters

~ Forward EM calorimeters

€
stage Vs L. (fo2) S
1 350 GeV 500
2 1.4 TeV 1500 Meanwhile:
3 3TeV 2000 new optimised CLICdet
v (not yet used for

/, Scenario used for benchmarks physics benchmarks)
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\/ Higgs physics at CLIC &!b

7’

/‘He/ef—/"“ Higgsstrahlung
s | T T o~1/s
10 E Z N . . .
; / @ ; . Higgs id. from Z recoil

(e'e” — HX) [fb]
3,
‘ I

\“ | :

H‘ | | ||

N w)
@)
3.
-
Q
-
~—+
T

N1 o
O
)
(Vp]
(Vp]
0
w

fiH o -
1k E
- HHv,v, ] e ve
i 1 W WW(ZZ) - fusion
107 ZHH E ---H| o~ log(s)
; %, / ] W Large stat. at high E
102 K v 1 e Ve
0 1000 2000 3000
s [GeV]

350 GeV 1.4 TeV 3 TeV

For unpolarised beams.

[ x1.8 f
Lint 500 fb_l 1.5 ab_l 2 ab_l 'y ﬁS\gf%inec'rsgfaersisat'onor
# ZH events 68 000 20 000 11 000 (CLIC baseline)

# Hv.v. events 17000 370000 830000

4 Het e~ events 3700 <«7737000 84000 high selection
""""""""" efficiencies !
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\/ Higgsstrahlung ete > ZH @ ~350 GeV éb

N/
) L — L R
T i — Input total
© 250 — Fitted total
8 C ﬁ — Fitted signal
200 - --- Fitted background

150 ‘ Z => uu recoil
350 GeV

500 fb!

ZH events, selected through recoil mass against Z 100 —
m2.=s+m?-2Vs(E1+E2) ol
model-independent measurement _

C |

~ 2
Ao, ™ 8z

100 150 200
I\/Irecoil [GeV]

Z=>uuw BR~3.5% veryclean :I_ A(o,.,) = +3.8%
Z=>ee BR™~3.5% very clean Hzl =

Z=>q9q BR™~70% almost model independent A(GHZ) =+1.8%

A(g,,,) = £0.8%

arXiv:1608.07538

ZH =>Hqq access to invisible Higgs decay BR(H=>inv) < 1% @ 90% CL

ZH > HqQ: better precision at Vs 350 GeV than at 250 GeV or 420 GeV
(trade-off between detector resolution and physics background, see next slide)
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y Higgsstrahlung ete > ZH @ 250, 350, 420 GeV &!b

N/
Vs = 250 GeV Vs = 350 GeV Vs =420 GeV
Vs = 250 GeV; HZ (Z— qq) Vs = 350 GeV; HZ (Z— qq) Vs = 420 GeV; HZ (Z— qq)
> 250 ' ' ' ) N
Q ™~
£ R
signal o
Mo 8
@)
B
70 80 90 100 110 2
M, m,/Gev a
Vs = 250 GeV; Background Vs = 350 GeV; Background u:j
2 250F " ' ] o 250F EI-H'E."-!:-' .
background
110
\/E Z o(HZ) Aoyis. A Oinyis. Ao(HZ) Together with tOp

1 physics this drives
250 GeV 500 fb 136 fb +£3.63 % +0.45 % +3.65 % )
the choice of CLIC

350GeV 500fb~! 93fb +£1.71% +0.56 % +1.80 % lower energy stage

420 GeV 500 fb~! 6§‘fb +2.42 % +£1.02 % :t2.23 %o @ 380 GeV

1 |
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Y simultaneous extraction H => bb,cc,gg @ 350 GeV

N/
bb likelihood versus cc likelihood for different event classes

H = bb H= cC H->gg 2
b) fit template: bE_ CLICdp Vs =350 GeV c) fit template: cc d) fit template: gg H
ZH;Z - qg; H —» bb ZH;Z > qg;H > ct ZH:Z - qg; H —> g9 Q
o0
o
O
-
81 8100 8 2
£10 ‘ = =107 =
104 10
J o d
0.2 0. 0.
) %) %)

unpolarized beams

5207 — 71 Simultaneous extraction of 2 production and 3 decay modes
S200f Sl fi ' A(0xBR)q,,/(0xBR)qy, at 350 GeV, 500 fb
O
ﬁ 150 F D Statistical uncertainty
§1003_ ceay Higgsstrahlung W W -fusion

50f H — bb 0.86 % 1.9 %

N i H - cc 14 % 26 %

200 300 400 500 H— gg 6.1 % 10 %

s [GeV]
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D

Higgs physics above 1 TeV &!b

N/
e Fr T T IE
SIZ i i Vector boson fusion:
T 1P E Jpe— E e‘e" > Hvy, efe” > He'e"
o | % ] High o + increased luminosity
© ‘0 _ / _ Gives access to rare Higgs decays
fH ZH
TE E
E HHv,v, : e !
107 ZHH E S H
10—2 | " I I L | ! ! ! ! | ! | ! ! | | e E
0 1000 2000 3000
Vs [GeV] - .
ttH production:
* Extraction of Yukawa coupling y,
B -
¢ ve * Best at Vs above 700 GeV
H .
7 Studied at 1.4 TeV, 1.5 ab™!
- H Statistical accuracy:
. v, * A(gyy) = ¥4.2% at 1.4 TeV
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ete” > ttH & WbWbH 2 ggb tvb bb

CLIC1.4 TeV

T,
2
.

same event before cuts on
beam-induced background

Highly granular calorimetry + precise hit timing

v

Very effective in suppressing backgrounds
for fully reconstructed particles

{, July 17, 2017



double Higgs production m

e’ Ve * Cross section sensitive to g,,,,; and gwwhH
H * Small cross section (225/1200 evts @ 1.4/3 TeV)
<. . * Large backgrounds
=> Requires high energy and high luminosity
e Ve

Most promising final states: bbbbvv and bbWW *vv

Recent re-analysis including key additional background processes:
Assuming -80% e polarisation, 2 ab™:

] ee—aqaav
1 03 ] ee—qqqall

x —

* at1l.4TeV Aguu/8uny T40% N i A — bee- i

4000 (- ~ 105 E=aa .

b at 3 TeV AgHHH/gHHH izz% % : S/B 10 E:s::z" :

. = [ ee—2Z(bb)Hnunu -

 =>combined: Ag.../8uny *19% = 3000 CLIC3TeV g 3

o B e e

arXiv:1608.07538 q(l_) - =e‘:7((EPI)\)—>e'?qqq 1

— R B oo vanes

S 2000 | =it

> o @B < (EPA)>vqqaq _

w - /6565w

1000 B Goaiern e

. : : HHvv=>bbbbvv x50000]

Ongoing: simultaneous extraction Ag,,.,,, and Agwhh - b el ]

. . . . . L :

Using kinematic variables => improved result 0 100 200 300 400

mH2_opt
Expected combined Ag,,../8vy = ilZ@r 3 ab

work in progress
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D

combined CLIC Higgs results

N/
Model-independent Model-dependent
Z z
CLICdp o 350 GeV CLICdp o 350 GeV
o 1.1
;@} model independent o +1.4TeV %C model dependent 0 +1.4 TeV|
2 e +3TeV = e +3TeV
8 T ©
o o
(@) = (@)
£ £
= = O N —— S
(&) (&)
1 1 M A1 IJ:i lﬁulﬁ h Iil l 1E
. ﬂ . H ITI I ﬂT ITI
c t© b W Z g vy
- Ty H v
= u Zy t
LN
B |
2
= 0.8 [ 0.9 Zy
=
X
©

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

Full CLIC program, ~5 yrs of running at each stage (plots assume 80% e" polarisation above 1 TeV):
* Model-independent: down to £1% for most couplings

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

e Accuracy on Higgs width: £3.5% (M), £0.3% (MD, derived)

Lucie Linssen, CERN, July 17, 2017 14



\/ combined CLIC Higgs results

N/
indicative comparison with HL-LHC capabilities

Model-independent Model-dependent

CLICdp o 350 GeV
model independent o+1.4TeV

e +3TeV

11k CLICdp o 350 GeV
model dependent 0O+ 1.4TeV

e +3TeV

1.2

5%

coupling relative to SM
. 1
coupling relative to SM

0

@ c t bt WZ g vy

S L Iy |

o n Zy| H

o

O = .

i

< =~

B 08 7 0.9 ol || -
e*e” colliders can perform LHC-like fit, assuming SM decays only.

model-independent measurements Fit to deviations from SM BR’s

O Accuracy significantly better than HL-LHC
(::) Accuracy comparable to HL-LHC
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top quark physics

én

N/

103 E ] L]

: Motivation:
< 10° F So far top quark only measured at hadron colliders
P . 5 Precision top physics in e*e:
-% 10°F ttz ; * sensitive to many BSM scenarios
8 ol * understanding EWSB
§ 107F * test ground of QCD
@) 10-1 _
-2 | R I | P T S ]
107 1000 2000 3000
V's [GeV]

Top physics programme currently studied for CLIC:

Top quark mass

* tt threshold scan at 350 GeV;

* reconstructed mass above threshold
Electroweak couplings to the top quark

* At 380 GeV, and above 1 TeV (boosted top)
Yukawa coupling through ttH production
Measurement of V,, in single top production
Rare decays (strongly suppressed in SM)
Searches using boosted top quarks, e.g. stop

Lucie Linssen, CERN, July 17, 2017
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\/ threshold scan of top pair production

N/
B‘ B T T 1 T | 1 T T 1 | T 1 T T T T ]
2-(0.8 | tt threshold - 1S mass 174.0 GeV —
. . . o - —— TOPPIK NNLO + CLIC350 LS + ISR 7]
* Top pair production cross section around s L T ]
- O I simulated data: 10 fb™/point |
the tt threshold } 0.6 |- -+ top mass + 200 MeV |
* Resonant-like structure, very sensitive to @
(@)
m._ ,and a S
o’ ’ e t 0.4
ZI *
g 0.2
. O I I L I | I I I I | I I | 7 I
e t 345 350 355

\'s [GeV]
* Measurement at 10 different Vs, 10 fb! each [

 Expected precision on 1S mass: =50 MeV 0.120 - 26 1 —
(dominated by theory NNNLO scale uncertainty) |

* Theoretical uncertainty *10 MeV when 011al-
transforming 1S mass to MS scheme )

eV;0.1179] 1|

0.116 - —

L | L L L L | L L L L | L
Eur.Phys.J. C73 (2013) 2530 173.95 174.00 174.05

Lucie Linssen, CERN, July 17, 2017 top mass [GeV]




\/ top quark couplingsto Zandy m

N/

Top quark pairs are produced via Z/y

New physics would modify the ttZ/tty vertex Zly

vy and Z form factors can be disentangled
using beam polarisation by measuring:

* Production cross section

e Forward-backward asymmetry

* Helicity angle distribution (in leptonic decays)

ete > tt> 6 jets @ 380 GeV  NNNIEPIPTIY 18



\/ top quark couplingsto Zandy

X/

Expected coupling precision at LHC, ILC (500 GeV) and CLIC (380 GeV, 3 TeV)

DX (02, 0,0) = ie { o (B3 (2) + 96 5 00)) — 22 (g + 0)" (i35 (B%) + s P55 (8%))
- - t my mp

2 HL-LHC, |s = 14 TeV, L = 3000 fb"' b T | ]

S . Phys.Rev.D71 (2005) 054013 CP- C LHC, Vs =14 TeV, L = 3000 fb CP J

h= 1= Phys.Rev.D73 (2006) 034016 o Phys.Rev.D71 (2005) 054013 -

[} C ILC. VS = 500 GeV, L = 500 fb" . CU L Phys.Rev.D73 (2006) 034016 . . i

) , (s= ,L=
~ 5 - EPJ C75 (2015) 512 conservi ng t LC, Vs =500 GeV, L =500 fb™ V|0|at| ng
8 - CLIC, Vs =380 GeV, L =500 fb™' ()] 1 E [l 1.c LumiUp, Vs =500 GeV, L = 4000 b =

PRELIMINARY o -

*® i Qo - CLIC, {s=380GeV, L=500fb" .
™~ 7 cLIc, Vs =380 GeV, L =500 fb™ (6, o~ 3%) cC F = -
Q S —— uneert ) | cLIC, Vs=3TeV, L =3000 b i
I o
= 107 - - S
X » N
® 10 {3
3 : =
S - S
= o
o _ =
S 17 > D
= - 107 v
o B 0—
L
O i >

107 -3

10

i Z Z ¥ Z
I:1 \ F1 \Y I:1 A I:2V F2V

Re[F;A] Re[F;A] Im[F;A] Im[FﬁA]

e*e” measures top couplings more than an order of magnitude better than HL-LHC
Lucie Linssen, CERN, July 17, 2017 19



\/ electroweak couplings to top at high Vs m

N/

Studied at generator level in a dimension-6 operator approach (instead of Form Factor approach)

I I I 1 I 1 I I | I I I I T T T T T 1T i rrrrri ~
1%

102 _Cl
S -

Four-fermion
operators:
Sensitivity rises
steeply with E

- best measured
at very high energy

101

\

100

J

+C.5 Vertex operators:
(V' Sensitivity flatin E
g - best measured

1072 r ][‘ - %, LO . +C£q at 380 GeV stage
( +,P ) = (0%, —80%) (most tt events)
10—3 I | 1 | I | N N N I N I Y I B |

380 500 1000 1400 3000
\/E [GeV] Durieux, Perello, Vos,

Zhang to be published

=> Full detector simulation studies of tt production at 1.4 TeV, 3 TeV are ongoing

Lucie Linssen, CERN, July 17, 2017 20



\/ indirect measurement: study of e*e” > yy @b

X/

Precision QED
from cross section and angular yy spectrum
=> can test extension of QED

do\
), =

Fit result: A > 6.33 TeV 1000
(or electron size < 3.1 x 1018 cm)

3000 _ ............. ............. ............ ] ST

CLICdp,3TeV 2ab1

2500

2000

Number of events

do a’s
(d_Q)Born T AL 2A4 (1 oo 9)

1500

500

|. Boyko @ CLIC'16

CLIC 3 TeV 2 ab €0s O,
Scenario AL=0.2% AL=05% AL=1% LEP limit

QED cut-off (finite electron size)
Aaep (95% CL) 6.52 TeV

Contact interactions
N (95% CL) 20.7 TeV 20.1 TeV 18.9TeV | ~ 830 GeV

Extra dimensions
Ms/A14 (95% CL) 16.3 TeV 159 TeV 15.3 TeV ~1 TeV

6.33TeV | 6.01TeV | ~390 GeV

Accuracy depends

Excited electron g s
Me- (95% CL) 503TeV | 4.87TeV | 4.7TeV |~250GeV | ooy onerror

on luminosity
Lucie Linssen, CERN, July 17, 2017 21



\/ vector boson scattering

N/

Vector boson scattering
e sensitive to anomalous gauge couplings
* important test of electroweak symmetry breaking

W/Z

Vector boson scattering
signal channel.

Effective field theory approach, parameters a,, a.
3ab'at3TeV

L | | |

3
(0005 B . + 7
D CLICdp c .

1.5ab' @ 1.4 TeV

W/Z

ne T T | T T
0.04 - .
> CLICdp
0.000 m
0.02 - .
0.00 - u
—— 68% Confidence Region
— 90% Confidence Region 002
-0005 F — 99% Confidence Region - o — 68% Confidence Region
| I | — 90% Confidence Region
-0.04  — 99% Confidence Region -
~0.005  0.000 T TomdemeeTemon

o
4 004 -002 000 0.02

Sensitivity improves strongly with Vs '
CLIC result expected significantly better than HL-LHC

see also arXiv:1607.03030 Lucie Linssen, CERN, July 17, 2017 22




direct BSM sensitivity

X/
using SUSY as a benchmarking tool
10° 10° T 10°
120 GeV Higgs 120 GeV Higas 120 GeV Higgs
10° 10° 10°
T g 0 - —F: = g0
: R
g g , —
§ 10° § 10° | — g 10°
10”? 10! = ‘_/' ‘ / 1 a0
—
1075 500 1000 1500 2000 2500 30 1075 500 2000 200 30 175 500 1000 1500 2000 2500 3000
V3 (Gev) T (GeV)
“model I”, 3 TeV: “model II”, 3 TeV: “model 11I”, 1.4 TeV:
e Squarks * Smuons, selectrons * Smuons, selectrons
* Heavy Higgs e Gauginos  Staus, Gauginos
— Higgs
—TRE Wider capability than only SUSY: reconstructed particles can be
—— charginos . “ . . ”
interpreted as “states of given mass, spin and quantum numbers
— smii
i > In general, O(1%) precision on masses
— neutralinos and production cross sections found

CERN-2012-003 CERN-2012-007
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&Y

CERN-2012-007

results of SUSY benchmarks

Table 8: Summary table of the CLIC SUSY benchmark analyses results obtained with full-detector
simulations with background overlaid. All studies are performed at a center-of-mass energy of 3 TeV
(1.4 TeV) and for an integrated luminosity of 2 ab~! (1.5ab~!) [71, 27, 77,

? 2 ? ]'

NG Process Decay mode SUSY Measured Generator Stat.
(TeV) model quantity value (GeV) uncertainty
7 mass 1010.8 0.6%
rfor— 4+, —~0~0
HRHR —* B X1X] %) mass 340.3 1.9%
7 mass 1010.8 0.3%
3.0 Sleptons gies sete—7%"0 II
P CRéR T EE L W mass 3403 1.0%
B | | ¢ mass 1097.2 0.4%
VeVe 2 X1X1e e WTW if mass 643.2 0.6%
30  Chargino WA = AW W 1 X mass 643.2 1.1%
' Neutralino  %oxs — h/Z°h/Z°7% %5 mass 643.1 1.5%
30  Squarks dgdg — GINAT I gy mass 1123.7 0.52%
30  Heavy Hiogs HOA® —; bbbb . H°/A% mass 902.4/902.6 0.3%
' CVY TIEES  HiH- - (Bbi H*mass  906.3 0.3%
JOTUUEY W ¢ mass 560.8 0.1%
HRHR =7 HH XX Pmass 3578 0.1%
7 mass 558.1 0.1%
1.4 Sleptons 8igs sete 7% 11
P CRER 7€ € Xiki ;"(? mass 357.1 0.1%
~ ~ B T ¢ mass 644.3 2.5%
VeVe 7 XixieTe"WIW ifmass 4876 27%
1.4 Stau A s e 111 T, mass 517 2.0%
. cn— 0 0grw— ~E
1.4 Chargln.o xE X — xl;%]W gV 1 %, mass 487 0.2%
Neutralino 5%, —+h/Z"h/Z xulxul %, mMass 487 0.1%

Large part of the SUSY spectrum measured at <1% level

Lucie Linssen, CERN, July 17, 2017
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\/ heavy electroweak states (1) @b

X/

: , , , < Indicative CLIC reach
There is potential for a direct discovery at at \s = 3 TeV

CLIC even without a signal at the HL-LHC |

Example: chargino + neutralino
production and decay to W/Z

CMS Simulation \s=14TeV
— 700
> C ‘\“‘
8 - Expected 50 Discovery
=~ 600 BrG(, . &%,)=100%
S E e Phasé'l, <PU>=0, L=300fb"
S E ) —— PRifiasel, <PU>=0, L=3000fb"
500 L0 S
CPP XX ——+"Phase Il Conf3, <PU>=140, L=3000 fb" 7
C -0 ~0 S
400 .
C P2 X2 . &——___ v0
: - X' CMS-PAS-

300

E R
= &

200
. ~\

S _ FTR-13-014
4! let e~ X1
/ &\;“\ (similar projection:

100 :“-— -
AR ATL-PHYS-
900 200 300 400 500 600 700 800 900 1000 . PU B_201 4_01 O)

mi1=ng (GeV)
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\/ heavy electroweak states (2)

X/

There is potential for a direct discovery at
CLIC even without a signal at the HL-LHC

Indicative CLIC reach

Example: stau pair production at Vs =3 TeV

T
= ~0
I 4 X
- Al
-
-
0 -~
; C VlllIIIIIIIIIIVIIIIII“I‘llIIIVII t\\ ’*’O
8 - ATLAS Simulation Preliminary . T /\1
C K ]
= 500~ 1s=14TeV, L =23000fb", <u>=200 — p
[ L g -
E?'< - Opig=30%; 56 dlscovery“\“\ -
\)
[~ eeee- Opig=30%, 95% excl . T
400(- Gpyg=50%, 50 dis‘qﬁ\l‘ary -
I G =50% 95%8xcl . ]
Q S2ZIIITN ]
[ — 0,,=20%,5% discovery RIS O
300 S Gnuff@%" 95% excl “;"/"_,-- mm——— \‘\‘,
B O r;”’- - A \- ‘\
- o5 ‘_f-{—:f' - “.
2001~ L2 \
: 4":‘-
s L
C >
1008+

i L EAAAS AR A AAAAA L OO A AR S SRRSO e ATLAS-PHYS-
00 200 300 400 500 600 700 800 PUB-2016-021

m, [GeV]
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2013 - 2019 Development Phase 2020 - 2025 Preparation Phase 2026 - 2034 Construction Phase

Development of a Project Plan for a Finalisation of implementation Construction of the first CLIC
staged CLIC implementation in line with parameters, preparation for industrial accelerator stage compatible with
LHC results; technical developments with procurement, Drive Beam Facility and implementation of further stages;
industry, performance studies for other system verifications, Technical construction of the experiment;
accelerator parts and systems, detector Proposal of the experiment, site hardware commissioning
technology demonstrators authorisation

|

2019 - 2020 Decisions 2025 Construction Start 2035 First Beams

Update of the European Strategy for Ready for construction; Getting ready for data taking by
Particle Physics; decision towards a next start of excavations the time the LHC programme
CERN project at the energy frontier reaches completion

(e.g. CLIC, FCQ)

B
“
Q Compact Linear Collider

CUCTC TITISSTTT, CLT\IY, JUTy 17, Z2UI7 T



&Y

N/

CLIC/CTF3 accelerator collaboration
~60 institutes from 28 countries

http://clic-study.web.cern.ch/

CLIC accelerator studies:
e CLIC accelerator design and development
e Construction and operation of CTF3

010
® ® [o¥o) &
&@ @©©
® o @@889
®® ® & £© ® ® 8 ®
® ®

CLIC collaborations

i,

CLIC detector and physics (CLICdp)
29 institutes from 18 countries

http://clicdp.web.cern.ch/

Focus of CLIC-specific studies on:
* Physics prospects and simulation studies
* Detector optimisation + R&D for CLIC

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
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\/ summary @b

X/

CLIC offers a wealth of accurate e*e” physics measurements
“Affordable” first stage at 380 GeV with guaranteed physics
Upgradable up to 3 TeV

A powerful tool to address the open questions in particle physics

CLIC is one of the options for CERN after the LHC, next to HE-LHC/FCC-hh/FCC-ee
 Many years of R&D have been invested in CLIC

e Large-scale tests have confirmed the technology

* |tis well understood and technically mature, no show-stopper identified

e CLIC can gear up towards construction within a few years
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e*e" 9 Hvv = bbvv
CLIC 1.4 TeV

same event before cuts on
beam-induced background

thank you !

N, July 17, 2017
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\/ CLIC accelerator parameters

N/

Parameter 380GeV | 1.5TeV 3 TeV

Luminosity &£ (103*cm2sec?) 1.5 3.7 5.9

X above 99% of Vs (1034*cmsec?) 0.9 1.4 2.0

Accelerator gradient (MV/m) 72 72/100 72/100

Site length (km) 11.4 29 50

Repetition frequency (Hz) 50 50 50 Drives timing
Bunch separation (ns) 0.5 0.5 0.5 7 requirements
Number of bunches per train 352 312 312 for CLIC detector
Beam size at IP csx/csy (nm) 150/2.9 ~60/1.5 ~40/1

: > Very small beam

Beam size at IP o, (um) 70 44 44

Estimated power consumption” (MW) 252 364 589

“scaled from CDR, with room for improvement

CLIC -

1 train = 312 bunches, 0.5 ns apart
- not to scale -
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\/ CLIC accelerator environment m

N/

Beam-beam background at IP:

e P i . .
e\:w j: = Small beams => very high E-fields
<«—> * Beamstrahlung
ey Simplified picture:
[ A . . . .
Baamzirahilurig ¢+ Pair-background ——> Design issue (small cell sizes)

*High occupancies

%

Y/ q |
* *Energy deposits Needs suppression in data

Y/ q

F‘1Om LN R R L LY B B R LLL I——'1010_ UL LLL I R AL T T T
X" F 37ey  — Coherent Pairs & E CLIC 350 GeV .
= 10%E — llljncgeher%ntlrlgalrs = 108F — Incoherent Pairs -
'g' 106:: — Yy eq-lafrons 3 106_: —— vy — Hadrons ]
e - : 2 — ] -
2 10°F i 5 10°F i .
© i i = : -
0 102f 1 - 1" i 1
1 ! 1E : =

:_,_.—"'_'_HI/ !»detector o b detec{or
10°F ] 10°2F a

104- MEEETIT B TIT | ull Y _4: e T I I= I”“M_

10°  10°  10° 107 1 19504 10° 102 10" 1
0 [rad] 6 [rad]

LuLiIc L|nssen CERN JLA 1y L7, vy



\/ luminosity spectrum
<7
L T A BN B =
;—— CLIC 380 GeV ;
102 _5
= . CLIC3Tev :
5 10—3;— _
I ;
% 1074? E
10‘5;; —§
100 04

Beamstrahlung = important energy losses
right at the interaction point

Most physics processes are studied well above
production threshold => profit from full spectrum

Luminosity spectrum can be measured in situ
using large-angle Bhabha scattering events,

to 5% accuracy at 3 TeV
Eur.Phys.). C74 (2014) no.4, 2833

Fraction Vs/vVs_ 380 GeV 3 TeV
>0.99 63% 36%
>0.9 91% 57%
>0.8 98% 68%
>0.7 99.5% 77%
>0.5 ~100% 88%
34
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\/ beam-induced background rejection (1)

X/

Beam-induced background from yy & hadrons can be efficiently suppressed by applying
p, cuts and timing cuts on individually reconstructed particles (particle flow objects)

1.2 TeV 100 GeV

e"e” > H'H™ — tbbt — 8 jets

1.2 TeV background in reconstruction 100 GeV background
window (>=10 ns) around main physics event after tight cuts
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&Y

N/

beam-induced background rejection (2)

én

Beam-induced background from yy & hadrons is further reduced by
applying adapted jet reconstruction algorithms

Example: squark study at Vs = 3 TeV (with assumed squark mass of 1.1 TeV)

e"e” — qRqR — qqfc?fc?

> 015 —T T

[0} -

S - (a) CLICdp (s =3 TeV

S - $ SISCone ¢ Durham

Ay o ¥ anti-kt ¢ long. inv. kt

n & —reference

Q9 f

€ 01 —

L

o

0}

N

©

g

[¢}

Z 0.05 —
Ol_..\‘w.ﬂ N
0 1000 2000 3000 4000

EJet1+ EJetZ orE

vis

[GeV]

No yy - hadrons background

Normalized Entries / 100 GeV

0.15 1 T T T T I T T T 1 ‘ T U T T
- (b) CLICdp Vs=3TeV
B $ SISCone ¢ Durham
fﬁ # anti-kt } long. inv. k‘
—reference
0.1 L1l N
0.05 |- —
0 L= ARk "V B N
0 1000 2000 3000 4000

EjettEjepp OF E i [GEV]

With yy = hadrons bkg from
60 bunch crossings

Normalized Entries / 100 GeV

0.15 T T T T T T | T T T T ‘ T T T T
- (c) CLICdp Vs=3TeV
- $p SISCone ¢ Durham
¢ # anti-kt ¢ long. inv. kt
{i;di —reference
01} g .
0.05 ]
0 L Soe Lo
0 1000 2000 3000 4000
EJet1+EJet2 or Evis [GeV]

With yy =2 hadrons bkg from
60 bunch crossings + use of p,
and timing cuts

Traditional Durham-ee jet algorithm inadequate <=> use of “LHC-like” jet algorithms effective

From Eur.Phys.J. C75 (2015) no.8, 379, see also arXiv:1607.05039
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\/ luminosity performance e*e” colliders AIL

= =T 1 T 1 1T T
§ A —=— CLIC .
g 102 | —— ILC _ Linear colliders:
3 ceeseees ILC LumiUP 1 = Can -reac.h m.uch higher energies
c1:_> i —+— FCC-ee (2 IPs) T * Luminosity .rlse.s with energy .
— i i * Beam polarisation at all energies
] —— CEPC (2 IPs)
10 _ _ Circular colliders:
N ] * Huge luminosity at lower energies
I ] * Luminosity decreases with energy
1F =
-l L 1 I 1 1 1 1 I L L L L I L]
0 1000 2000 3000

/s [GeV]

Note: Peak luminosity at LEP2 (209 GeV) was ~10%? cm™s™
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\/ pp collisions / e*e” collisions &!b

N/
to tackle the open questions in particle physics
p e’
p e
p-p collisions e*e collisions
Proton is compound object e*/e are point-like
—> Initial state unknown - Initial state well defined (Vs / opt: polarisation)
—> Limits achievable precision - High-precision measurements
High rates of QCD backgrounds Cleaner experimental environment
- Complex triggering schemes - Less / no need for triggers
- High levels of radiation - Lower radiation levels
High cross-sections for colored-states Superior sensitivity for electro-weak states
Very high-energy circular pp colliders feasible | High energies (>=350 GeV) require linear collider
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BSM example: Z’ via indirect measurement ﬂb

— 80
% L A (5=3000g' 0650’ =065 A (5=1400g’ =0.65 g’ =065 -
Minimal anomaly-free Z’ model E b o mamg0g,06 o 1400900, 065 i
) ] *é' - = (5=3000g’=065g" =0 o 15=14009' =0.65¢ =0 -
Q; =g, (Ye) + g'5 (B-L) = 60 [~ x (5=30000'=065g =065 x (5=1400¢’'=065g =0.65 —
> i : -
o | CLICd -
Generator-level study 3 ¥
3 : -
Observables: 2 40 - —
° +A- +y1- : B n
Total e*e” = u*W cross section s i L,
e Forward-backward asymmetry E‘N 5 t_——/,—:/———’éz 4
* Left-right asymmetry 0 _ T
(with +80% e polarisation) - : —a ]
0 -I % L L I L : 1 I L 1 1 l 1 1 L ; I-I
] , 200 400 600 800 1000
If LHC discovers Z Integrated luminosity [fb]
(e.g. for M,=5 TeV)
CLIC precision measurement of effective couplings & H
Zl
Otherwise:
CLIC discovery reach up to tens of TeV (depending on the couplings
e L
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\/ CLIC BSM discovery reach

N/

New particle / phenomenon Unit CLIC reach
Sleptons, charginos, neutralinos, sneutrinos TeV =1.5 TeV

Z’ (SM couplings) TeV 20

2 extra dimensions M, TeV 20-30
Triple Gauge Coupling (95%) (A, coupling) 0.0001
Vector boson scattering AF , ; TeVv+ 5

U contact scale TeV 60

Higgs composite scale TeV 70

Electron size (test of QED extension) cm 3.1x1018

CLIC discovery reach for BSM phenomena, studied for 2 ab™! at 3 TeV. Depending on the
exact models used, quoted values generally extend significantly beyond the HL-LHC reach.
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Higgs Global Fit

: Effect of Theory Uncert

Parameter Relative precision
350GeV +1.4TeV  +3TeV
500tb™"  +1.5ab™"  +2ab”

Kuz7 0.6 % 0.4 % 0.3 %

Kgww 1.1% 0.2 % 0.1%

KHbb 1.8 % 0.4 % 0.2 %

KHce 5.8% 2.1% 1.7 %

K1t 3.9% 1.5% 1.1%

KHpp — 14.1 % 7.8 %

Kiitt — 4.1 % 4.1 %

KHgo 3.0% 1.5% 1.1%

Kiyy — 5.6 % 3.1%

KHzZy - 15.6 % 9.1%

I'i imd, derived 1.4 % 0.4 % 0.3%

Kuzz 0.6 % 0.5 % 0.5%

KHwWW 1.2 % 0.5 % 0.5%

KHbb 2.6 % 1.5% 1.4 %

KHce 6.3 % 32% 2.9 %

KH<z 4.2 % 2.1% 1.8 %

KHpp — 14.2 % 7.9 %

KHit - 4.2 % 4.1 %

KHgo 5.1% 4.0 % 3.9%

Kiyy — 5.9% 3.5%

KHZy - 16.0 % 9.8 %

FH,md.derived 1.1 % 1.1 %

2.0%

L

R,

CLIC Analysis Highlights

AWLC17, SLAC, June 2017

ainties

decay mode theo. uncertainty

7z 21 %
Ww 21 %
Yy 2.8 %
MD fit w/o o 2y 6.8 %
theory uncertainties . 1 8%
cc 4.6 %
ag 7.2 %
193 2.3 %
[§[¥ 24 %

e Uncertainties from

LHCHXSWG, combined
theory and parametric
(quark mass, as)

MD fit with
theory uncertainties

uncertainties, symmetrized
to preserve fit means

Frank Simon (fsimon@mpp.mpg.de)

=




X/

\/ CLIC 2-beam acceleration scheme ﬁb

High centre-of-mass energy requires high-gradient acceleration

* High gradients feasible in normal conducting structures with high RF frequency (12 GHz)
* Initial transfer from wall plug to beam (klystron) is efficient at lower frequency (~1 GHz)
* To keep power low, apply RF power only at the time when the beam is there.

» | CLIC uses a 2-beam acceleration scheme at 12 GHz, gradient of 100 MV/m

Drive Beam supplies RF power

e 12 GHz bunch structure

e low energy (2.4 GeV - 240 MeV)
e high current (100A)

Main beam for physics

e high energy (9 GeV —1.5TeV)

e current1.2 A

drive beams
these electron beams provide the RF power to the main accelerators

electrons positrons positron main accelerator
main beams

electron main accelerator
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@) CLIC layout at 380 GeV

. . 446 klystrons
| Drive Beam I circumferences | l [ 20MW,48 ps
delay loop 73 m :
CR1293 m drive beam accelerator
CR2439m

<

Y

2.5 km
4 delay loop

time delay line

BC2 ) BDS BDS BC2
1.9 km 1.9 km
TA e- main linac, 12 GHz, 72 MV/m, 3.5 km P e* main linac 1A

™\ [/
11 km

decelerator, 4 sectors of 878 m

<
<

>
>

CR combiner ring

TA turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

booster linac Main Beam
2.86to 9 GeV -

e~ injector
2.86 GeV

et injector
2.86 GeV
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\/ CLIC layout at 3 TeV

X/

540 klystrons B ) 540 klystrons
20MW,148ps | | | Drive Beam circumferences | | | 20MW,148ps
i delay loop 73 m lads

drive beam accelerator CR1293 m drive beam accelerator

——— e e CR2439m

= 25 km

Y
A
y

2.5 km

delay loop P 4 delay loop

decelerator, 25 sectors of 878 m

BC2 BC2
N BDS BDS »
NN 2.75 km 2.75 km 7/
TA e~ main linac, 12 GHz, 72/100 MV/m, 21 km P e* main linac A

N\ [

<
=<

Y

50 km
CR combiner ring
TA turnaround
DR damping ring
PDR predamping ring
BC bunch compressor
BDS beam delivery system
IP  interaction point
B dump

booster linac 5
2,860 9 GeV Main Beam '

e~ injector
2.86 GeV

et injector
2.86 GeV
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\/ CLIC accelerator, some pictures

N/
CLIC mechanical tests of 2-beam module prototype final focus quadrupole  tunable permanent magnet

cut through a CLIC acceleration structure
\l

[ -

'__'___ﬂ._-

"F"F""""

Photo: R. Strom
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\/ CLIC silicon vertex and tracker R&D (1)

N /LS
CLICpix (65 nm) + 50 um sensor Bump-bonding, 25 um pitch CLICpix2 ASIC (65 nm)

6

UBM and Indium bonds

l3.339e+02
1.650e-01
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\/ CLIC silicon vertex and tracker R&D (2)

NS/

TSV interconnect technology power dellvery + pulsing Flip-chip gluing (AC-coupling)
O O O ‘ ! B . 4 - yum b ] e ) g e ~ —

QLD (

\‘1:\"\‘ !

" | ﬁ\ ”,\

S

\Y . },' s .' . . . .

%7 B ~Air cooling simulation
o - and

1:1 scale test set up \\r\“!
, ) ‘
. ‘ \
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\/ CLIC cost estimate

Preliminary estimate (scaled from CDR) with room for improvement.
New estimate will be provided for European Strategy Update.

System Value for 380 GeV
(MCHF of Dec 2010)
Main beam production 1245
Drive beam production 974
Two-beam accelerators 2038 Value for the CLIC
e o (et - accelerator at Vs = 380 GeV
2 (11.4 km site length)

Civil engineering & services 2112
Accelerator control & operation infrastructure 216

TOTAL 6690

M Main beam production

M Drive beam production

B Two-beam accelerators

M Interaction region

® Civil engineering &
services

M Accelerator control &
operational infrastructure
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Energy [TWh] per year

m DB linac

m DE frequency multiplication & transport

= MB production

» MB damping rings
m MB booster linac & transport

m Main linacs

mBDS & experiment
u Instrumentation & Control

— 0.38TeV

T
1.5TeV

10

15

L
Year

Power and energy

Power/energy reductions are being

u Radio-frequency

= Magnets looked at

= Cooling

 ventiaton Structures are already optimised,
u Instrumentation & Controls . X

s Interaction area & experiments however large contributions from:

Klystrons => increase efficiency

Magnets

Ventilation/cooling => optimisation

CERN energy consumption 2012
1.35 TWh
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