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Compact Linear Collider: CLIC

ete™ collider with up to /s = 3 TeV and
luminosity a few times 10%*cm s

Based on normal-conducting acceleration
structures and power supplied by a drive
beam

For a compact machine (~ 50 km) high
accelerating gradient required

(~ 100MV/m)

e- beam polarisation P_- = £80%,
positron beam polarisation as an option

CLIC Collaborations (institutes/countries):

- CLIC (62/28): design and development
of CLIC

- CLICdp (30/18): detector optimisation
and physics studies

el ey
Compact Linear Collider (CLIC)
WIS 380 GeV - 11.4 km (CLIC380)

| W 1.5 TeV - 29.0 km (CLIC1500)
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elb CLIC staging @

Stage /5 (GeV) Z, (b ")

1 380 500
350 100
Three stages: 380(350) GeV, 1.5 TeV, 3 TeV : l;."? lx
(benchmark studies at slightly different - - -
energies) _ 380,GeV 1.5 TeV 3Tev
=) i : - [ ) |;
» 350/380 GeV: Precision SM Higgs and top s =10° & 3 HHX E
physics - gg: % 100k ' ]
- Tue @ E
» 1.5 TeV: BSM searches, precision Higgs, — charginos & 10F .
ttH, HH, top physics — squarks S 3
1r 3
» 3 TeV: BSM searches, precision Higgs, —SM > L —
HH, top physics — Vo Y Ve 10t T
—neutralinos oL L, )/ ///:
0 1000 2000 3000
s [GeV]
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Top quarks: threshold scan I@

Top pair production /s =380 GeV and
350 GeV (dedicated to threshold scan) .
Cross section turn on sensitive to mass.

10-point scan with 10 b1, up to a year
of data taking

Resulting uncertainty (1S mass)

A(m,;) ~ 50MeV (dominated by NNNLO
scale unc.)

Transformed to MS scheme theoretical
uncertainty of order of 10 MeV

e t

Zl‘,"

o o o
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o
~

cross section [pb]

o © ©
aoN W

o

B B e e S B

tt threshold - QQbar_Threshold NNNLO

ISR + CLIC LS Nominal

— default - m° 171.5 GeV, I, 1.37 GeV
m, variations + 0.2 GeV

— I, variations + 0.15 GeV

1 simulated data points
100 fb™ total

cLicdp

340 345 350
s [GeV]
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elb Top quarks: precision measurements I@

Clear environment at CLIC allows for precision measurements and search for rare phenomena

» New physics would modify the ttV vertex. Polarised beam measurement would

disentangle v and Z form factors
3 . O S
LY (12, q.q) = te v (Fiv (K) + 95 FTa (6)) — o a+a) (iFsy (k) + quﬁ(kQ))}
vector axial tensor CPV

Uncertainty

» Sensitivity 1-2 orders of magnitude better
than at HL-LHC

» Interesting top physics programme at the
first CLIC-380GeV stage

Re[F';A] Re[F;] Im[FZA] Im[F;A]

arXiv:1710.06737 arXiv:1608.07537
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ﬂb Flavour Changing Neutral Currents @
EA

Competitive limits for FCNC top decays

> t — cH: Limits for CLIC 500 fb~ " at 380 GeV
Fully hadronic B(t— > cH)xB(H— > bb) < 1.4x10*
Semi-leptonic B(t— > cH)xB(H— > bb) < 2x10™* at 95%C.L.
ATL-PHYS-PUB-2016-019 on B(t— > gH) ~ 2x10~*

> t — cy: Limit for CLIC 500 fb ™" at 380 GeV B(t— > c) ~ 4x10 ° at 95%C.L.
Currently CMS: B(t— > ¢vy) < 1.7x10™* (arXiv:1511.03951)
Expected 95% CL limits at HL-LHC B(t— > cv) < (2.0 — 3.4)x10"* for 3 ab™ " at 14 TeV
(CMS-DP-2016-064)

MVA for t->cH (hadronic) MVA for t->cH (semi-leptonic) MVA for t->cy (hadronic)

TMVA response for classifier: BOT

st |
,,

Signal § Signal
Background “ 102 Background

102l e ol PO Y SRR ' O 1 o 02
-05-04-03-0201 0 0102030405 06 04 02 0 02 04 06  BDTresponse
MVA respons MVA respons
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Boosted top reconstruction

Hadronic decays of high-energy top quarks: "fat” jets -
reconstruction of the top in a large/wide jet and
identification of substructure t — Wb — qgb

c T T I 1
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Higgs production

Higgsstrahlung: e e~ — ZH, dominant up to
450 GeV

WW fusion: e"e” — Hu, 7., dominant above
450 GeV, offers high statistic at high energy stages

ttH: eTe” — ttH, maximum around 800 GeV,
top-Yukawa coupling measurement available

HHvv and ZHH processes contribute at
\/s = 1TeV but o < 1fb

et Ww-fusion Vel | e t

P. Sopicki

o(e’e” — HX) [fb]

T T T
Hv v,

10° E

: e ]
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Eur. Phys. J. C 77, 475 (2017)
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Higgsstrahlung at /s = 350GeV )

» HZ events with Z — e"e™, u" u~ model-independent measurements of the gy 77
coupling (2% uncertainty)

» Using Z — q@: almost model-independent measurements of gy-> coupling using
hadronic Z decays with 0.9% uncertainty

g
g
8

CLICdp Vs = 350 GeV/

z T
§ @ } CLiCdp /s =350GeV | . . . . : ;
o ‘ ZH, 2 8 CLICdp (5=350GeV  ZH; Ho> invis.
g } simulated data 3 signal (100 % BR)
. I —fitted total 3 [Wbackground
200 [ —fitted signal - I
[l - fitted background

100 100 120 140 160 180 200

P
Mg, [GeV. Myeg [GeV]

» The recoil mass technique can also be used to search for invisible and BSM Higgs decay
modes
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&[b Higgs properties o)\

Global fit using statistical uncertainties of all measurements to estimate Higgs couplings and

. N 2 _ (¢/GM-1) } ) T
width [ by minimising xj = B V= where C;: observables, AF;: uncertainties

Model independent Higgs width as free Model dependent LHC-like fit, SM decays-only
parameter, non-SM decays allowed Fit to deviations from SM BRs'
s s
4 CLiCdp © 350 GeV D ik CLicdp © 350 GeV i
£ 121~ model independent o+14Tev |17 e model dependent o + 1.4 Te)
= o +3TeV 2 o +3TeV
8 T 1 k|
o e
2 7 ] 2 | |
§ A é R.5%

8 8
°ol T P . A —]
FR-fA i i TS R
ctbt WZg y Iy cilT (Db Wi Z1g
Y _
"l zy| H Fo ¢ ! 1
- 1 H
08| - 0.9 |-Better at CLIC zy -
Comparable to HL-LHC
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BSM physics at CLIC @)

Best discovery reach for higher energies in G, o P iy et e
both cases of (in)direct searches DT —- - Y
3.0 production :: - ;‘;u, cx'hi?‘;l:;“n b
M . Mass GeV
Direct searches: SUSY,Dark Matter, Hidden 30 —— L owan v
Mass eV
Va”ey Heavy Higes 1 vtmm gv
) ) ] production - | x‘.:‘:h &:
> Possible direct observations of new P o
Width GeV
phenomena and precision measurements of e
masses and couplings s
o b 0.72 2.8%
. . . .. TR — Zmass GeV 10108 0.6%
» Accessible up to kinematic limit e GV 03 1
[ 1l 6.05 .8%
. 30  Sleptons Speg etz 1 7 mass GeV 10108 03%
| 2 I_OW background (no QCD) espeC|a||y |\m§llcnnn b mass  GeV 3403 10%
. &8 — aiajetehh - b 2%
suitable for electroweak states SO #
[ fi 3. 2.4%
. . V¥, — Wiere WIW- Fmass GeV 1097.2 0.4%
» Polarised beam and threshold scans might - Km0V on3 _ow
. . Chargino Tk — LW W i mass GeV 6432 L1%
be useful to constrain underlying theory 0 PR |
neutralino 7379 — h0/Z% /2% 73 mass GeV  643.1
production o 33

P. Sopicki Physics at the Compact Linear Collider - 17.04.2018


https://clic.cern
https://home.cern

@b BSM physics at CLIC l@

Indirect searches: vector boson scattering, ee Composite Higgs: Higgs as a bound state of

to v7y,... fermions.
£~0.002 & 70 TeV reach

» Precision measurements - possible N

deviations of observables from SM o5
predictions °3
» Possibility to reach for higher mass/energy ood
scales (~ tens of TeV) © o

> ete™ — putpuT: Z' test If discovered at
LHC: precision measurements of the
effective coupling

» Otherwise: Z' mass up to 50 TeV can be
reached at 50 with lab™ ' at 3 TeV
(depending on coupling assumptions)

m,: masses of vector resonances
&: measures a strength of Higgs interactions
(depends on scale of compositness)
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m Summary @

Very active R&D projects for accelerator and extensive studies on
physics/detector making CLIC a realistic option for post-LHC collider

Precision measurements of many observables through Higgs production

(Higgsstrahlung and WW-fusion) and in the top quark threshold and continuum
regimes

Energy staging optimal for physics:

> 380 GeV stage (optimised for precision SM Higgs and top physics)
"affordable” and with guaranteed physics return

» Higher energies of 1.5/3 TeV will depend on LHC results. Best sensitivity for
BSM searches, rare Higgs processes and decays
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CLIC layout

540 klystrons
20 MW, 148 ps | | |

drive beam accelerator

2.5km
delay loop >>

S

at 3 TeV

540 klystrons.

circumferences | I | 20 MW, 148 ps
delay loop 73 m .
CR1293m drive beam accelerator

CR2439m

2.5km
<| detay 1oop

@ decelerator, 25 sectors of 878 m
Py

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

\\ rdd
o = LT
BDS BDS
2.75 km 03 275 km
TA

e* main linac

~

r

50 km
combiner ring
turnaround
damping ring
predamping ring
bunch compressor
beam delivery system
interaction point
dump

e-injector
2.86 GeV

booster linac
28610 9GeV

e* injector
2.86 GeV
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CLIC parameters @)

Parameter 380GeV | 1.5TeV 3TeV
Luminosity & (10%*cm2sec?) 1.5 3.7 5.9

& above 99% of Vs (10**cm2sec?) 0.9 14 2.0
Accelerator gradient (MV/m) 72 72/100 72/100
Site length (km) 11.4 29 50
Repetition frequency (Hz) 50 50 50
Bunch separation (ns) 0.5 0.5 0.5
Number of bunches per train 352 312 312
Beam size at IP o,/o, (nm) 150/2.9 ~60/1.5 ~40/1
Beam size at IP o, (um) 70 44 44
Estimated power consumptinn* 252 364 589
(MW)
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CLIC detector A

return yoke (Fe)
with muon-ID
detectors

solenoid, 4 Tesla

fine grained (PFA)
calorimetry, 1+7.5A,
Si-W ECAL, Sc-FE HCAL

forward region with
compact forward
calorimeters

silicon tracker,
(large pixels / short
strips)

Note: final beam
focusing is outside
the detector

ultra low-mass

vertex detector,
~25 pm pixels

11.4m hme
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Beam-induced backgrd rejection @)

g

e'e” > H'H™ — tbbt — 8 jets

1.2 TeV background in reconstruction
window (>=10 ns) around main physics event

100 GeV background
after tight cuts
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Higgs parameters comparison with EFT @)

Standard Model

\ .
LsyerT = + E < Dimension-6
@2 operators
i
4

Scale of new
decoupled physics

precision reach of the 12-parameter fit in Higgs basis

W LHC 300/ Higgs + LEP 6’6 SWW W CEPC  240GeV (5/ab) + 350GeV (200/f)
W LHC 3000/fb Higgs + LEP "¢ »WW CClee 240GBV (10/ab) + 350GeV (2.6/ab)
1 light shade: e*e™ collider only 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab)

s:)libd| sh? mbined with HL-LHC [l CLIC | 350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab)
760 star: assuming 210 aTGCS

107"

precision
5]
9
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pp versus e-e- A

Taken from Lucie Linssen presentation at CERN EP Seminar, January 24th, 2017

p-p collisions e*e collisions
Proton is compound object e*/e" are point-like
- Initial state not known event-by-event - Initial state well defined (Vs / polarisation)
-> Limits achievable precision -> High-precision measurements
High rates of QCD backgrounds Cleaner experimental environment
> Complex triggering schemes -> Trigger-less readout
- High levels of radiation - Low radiation levels
High cross-sections for colored-states Superior sensitivity for electro-weak states
High-energy circular pp colliders feasible High energy (>=350 GeV) e*e requires linear collider
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Other proposed e+e- machines A

Jura guntsind chematic of an

80-100 ks
long tunne!

Geneva L i&
Compact Linear Collider (CLIC): CERN
e e, Vs: 380 GeV, 1.5 TeV, 3 TeV
Length: 11 km, 29 km , 50 km Future Circular Collider (FCC): CERN
- . ) ) e"e, Vs: 90 - 350 GeV; pp, Vs: ~100 TeV
| St Circumference: 90 - 100 km

Circular Electron Positron Collider
(CEPC), China

ee*, Vs: 240 — 250 GeV; SPPC pp,
Length: 54 — 100 km

International Linear Collider (ILC):
Japan (Kitakami)

ee*, Vs: 500 GeV (1 TeV)

Length: 31 km (50 km)
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elb Other proposed e+e- machines I@

;o; L cuc |
E ] —— ILC

© 10° F wewrs+ ILC LumiUP

go r —+— FCC-ee (2 IPs)
han - FCC-ee low f* (2 IPs) ]
-

—=— CEPC (2IPs)

E . .oy
0 1000 2000 3000
s [GeV]
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