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Compact Linear Collider Project CLIC

Motivation for e*e” colliders
O Precision measurement of the newly discovered Higgs boson
O Measurement of the properties of top quark with high precision

O Searches for physics beyond Standard model

Complimentarity to the LHC

O Initial state well known (energy, polarization)

0 High energy e’e” colliders provide a experimental environment for precision measurements
O Equal sensitivity to electroweak and strongly interacting particles
Q

Clean experimental environment (almost QCD background free, triggerless readout, low radiation
levels)

CLIC is one of the most mature options of the future e’e” colliders

O Novel two-beam acceleration technique
O Rich physics program over a wide time span

O Staged construction with the ultimate energy reach of 3 TeV
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-CLIC staged implementation

Three center-of-mass energies: 350/380 GeV, 1.5 TeV, 3.0 TeV

O Stages are defined by physics and technical considerations

O Optimization w.r.t. cost and sensitivity of the measurements

O Provides early start of physics: construction possible during physics run at the lower energy stage

’
i

O Stages adaptable to the LHC input

¢ Legend

e CERN existing LHC
Potential underground siting -

. sees CLIC 380 Gev
NG Accelerator length [km] | L, [ab™] e pmiopeion

#»% CLIC3TeV

380 GeV 114 0.5

1.5 TeV 29.0 1.5

Jura Mountains

O High instantaneous luminosity at

each stage: ~ 1.5-6 x10>* cm? s™

{ b e
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Accelerator technology

O Technology challenge: high energy and high luminosity

O Newly developed principle of particle acceleration: “Two-beam technique”
Drive beam: high current (100 A), low energy (2.4 GeV -240 MeV), klystron acceleration
Main beam: lower current (1.2 A), high energy (9 GeV-1.5 TeV)

accelerated by the RF waves, produced by the deceleration of the drive beam in RF ravitiac

3.0 TeVv

0 Highenergy = high accelerating gradient L[cm2s] 5.9 x 10-34

O CLIC will be operating at high gradient level (100 MV/m) BXitrain 312

BX 0.5ns
at the highest energy stage of 3 TeV separation )
Train 156
] - duration ns
O Two beam technique demonstrated at CERN, CLIC CTF3 test facility
drive beams frequency 50 Hz
these electron beams provide the RF power to the main accelerators
J l Ox | Gy [nm] 45 /1

i
—— ('Mx p

/
electron main accelerator electrons _ positrons positron main accelerator
main beams
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-CLIC working environment )

n N°f
O CLIC challenge: high luminosity => small beam sizes at interaction point L = —>—"
. (45nm 4nG G,
0 Dense bunches = high electric field inside each bunch, s 1 nm
y e’e Pairs
which is influencing the particles in the opposite bunch e R

O Beamstrahlung = important energy loses at the IP

A This induces emission of radiation — beamstrahlung @ :@

= distortion of the luminosity spectrum Beamstrahlung
L [ T ]
. 0.02F ]
v/ q , Z T i
N © i
55%( To.)? 0.015F ]
Ox TOy) Oz - CLIC, 3TeV :
v/ q 0.01 i
_ 0.005F i
~35% in 1% of peak energy of 3TeV . ]
U-_ L PR | : ——ﬂ'—':‘.'J ]
0 1000 2000 3000
0 e'e pairs — high doses deposited in the forward calorimeters \'s' [GeV]

O 7YY to hadrons = 3.2/bunch crossing at 3TeV - influences event reconstruction
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-Detector requirements m

High precision measurements constrain the detector technologies and design

7] i | L L L L L L B
O Jet energy resolution: Calorimeters g - — o, /m=1% -
. . . > 6; Gﬂm:é?%;
. - — m =5%
Benchmark: W/Z/H di-jet mass separation 5 | S o ]
'_5 -
op/E~3.5-5%, E >100GeV < 4r 7
2 .
O Momentum resolution: Tracker -
Benchmark: Higgs recoil mass measurements, g°, % 70 80 90 100 110 120
Mass [GeV]
0,,/Pi~2x 107> GeV~! - 10° S
[0) oap)/p; 3
O —10° Gev!' ]
g 10° 10° GeV”' =
O Impact parameter resolution: Vertex detector o IR
Benchmark: flavor tagging — Higgs BF measurements 210° \ 3
E g L-.J N i ) E
0, = 5015/(p[GeV]sinZ@)um W " hr lf"\f“wlqu_
I | BT Nﬂ”’l HI i |

I T I - T
116 118 120 122 12

O Detector hermeticity - almost 47 solid angle coverage Di-muon invariant mass [GeV]
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CLIC detector

Optimized detector model for CLIC:

O Forward region calorimeters:

= Luminosity calorimeter

= Beam calorimeter

Ultra-low-mass Si-pixel (2x10°) vertex detector

Silicon trackerr=1.5m,1=4.6 m

Fine grained calorimeters:
ECAL Si/W, HCAL Sc/Fe

a

Superconducting solenoid B=4T

O Return iron yoke instrumented with muon chambers

*Final focusing (QDO0) is outside the detector
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CLIC physics program )
Three construction stages are optimized for physics runs (each 5 to 7 years of running)
Each stage foresees high luminosities

Stage1 380 GeV 0.5ab™:

0 Standard model Higgs physics measurement

O Top physics

O tt threshold scan dedicated run at ~350 GeV 100 b
Stage2 1.5TeV 1.5 ab™

O Targeted at BSM physics

f

O Top-Yukawa coupling ttH , Higgs self coupling

1
4,

e

O Rare Higgs decays

O Top quark physics
Stage3 3 TeV 3.0 ab™
O BSM physics,

Cross-section [fb]

0 Higgs self coupling ' L 1L, 20'0{:'} 500

0 Rare Higgs decays V's [GeV]

a Top quark physics
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Higgs physics

O Measurement of the Higgs properties: mass, couplings (including self-coupling)

O Deviation from the predicted linearity of SM Higgs couplings could hint at new physics

O At lepton colliders the total Higgs decay width, FH, is accessible

e Higgsstrahlung HZ 7 et WW-fusion Ve e’ ZZ-fusion o
Z
--- H
¢ - = =
= | V/“ ........ V= 350GeV 14TV 3TeV
T 10? E . o e
2T e ] Lt 500fb=!  1.5ab!  2ab”!
o L #ZH events 68,000 20,000 11,000
1 i 7 # Hv,V, events 17,000 370,000 830,000
: #He e events 3,700 37,000 84,000
“F ‘ ] Previous cLic staging scenario no polarization

0 1000 2000 3000
Vs [GeV]
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Model independent ¢, measurement

Higgsstrahlung — allows model independent measurement of the absolute g ., coupling

Using hadronic Z-qq decay (BF~70%), the combined uncertainty

(leptonic and hadronic) :

Aloy;)

cSHZ gHZZ

Wwe

'
Evenis / £ LWev

w
o
(=]

200

100

T ‘ T T T T ‘ T T T 7I
CLICdp s =350 GeV |
HZ: Z— p'w
} simulated data
—fitted total

—fitted signal I
-- fitted background

~1.65% — AGiz) _ o g9,

Myee [GEV]

Am =100 MeV

Analysis optimized to ensure the independence on Higgs decays
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-Iﬂqgs physics at high energies

¢ Ve
The high cross-section of the WW-fusion process : W
T.b.c.g. W% .
O Increases the precision of Higgs couplings, --®: 5
O Allows the coupling measurements of the rare decays,
v,
Houu ,Ho>Zy, Ho>yy ¢ v
E 121 cucap =14 Tev I—h-v;ll-l—abE 7
O And the determination of the invariant mass of Higgs boson with 3 ok S
5 T [ other bkg.

Higgs-self coupling : access to Higgs potential

V=pf(0°9) +1(9°9)° =M

high precision (AmH=32 MeV)

\Y/

60 80 100 120 140
Ve Top-Yukawa coupllng m, 2 [GeV]

Ve

>\< Quartlc coupling g, ww
W
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Summary of CLIC Higgs studies

O 25 independent analyses done in full simulation including the beam-induced background overlay

O The results show expected statistical uncertainties for unpolarized beams

Measurement summary

Statistical precision

Statistical precision

Channel Measurement Observable 350GeV

500fb™!
ZH Recoil mass distribution My 110MeV
ZH 6(ZH) x BR(H — invisible) Iy 0.6%
ZH 6(ZH) x BR(Z = 1'1") Gy 3.8%
ZH  o(ZH)xBRZ - qg $hzz 1.8¢%
ZH o(ZH) x BR Stz 8 /T 0.84%
ZH o ZH x BR(H — cc 778 /T 10.3%
ZH x BR(H — gg 45%
ZH X BR(H—117) 8780/ Th 6.2%

* 2 2 .

ZH ZH XBRIH=WW) gy iy /Ty 5.1%
H,Ve Vo) X BRIH—DD) gyt /T 9%
Hv, 7, XBRH=C) 8w /TH 14.3%
Hv, T, x BR(H = gg) 5.7%

Channel Measurement Observable 1.4TeV 3TeV
1.5ab="  2.0ab~!
Hv.ve H — bb mass distribution My 47MeV  44MeV
Hv, Ve Hv.Ve) x BR(H — bb Swwline/TH 04%  03%
Hv_ v, Hv_V.) x BR(H — cT Shww hee/Th 6.1% 6.9%
Hv_v. Hv.V.) x BR(H — gg 5.0% 43%
chve o \-" ng“:“: *QI%ITT /FH 4.2 E:f‘i “]‘.“]' (:fi
Hv_ v, V.Ve) X BR(H = vy) 15% 10%*
Hv Ve o(Hv.ve) x BR(H — Zy) 42% 30%*
Hv_v, VVe) X BR H—-W W *) g4wa /T 1.0% 0.7 %*
He'e™ xBR(H — bb) gZHZZgQbe/FH 1.8% 2.3 %*
{tH o (ttH) x BR(H — bb) SRy /T 8.4% -
HHv v, A 32% 16%
HHv,v.  with —80 ff( e~ polarisation A 24% 12%
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Global fit e
o

The results of all studied Higgs production and decay channels, obtained at each energy stage, are
combined in a global fit to extract absolute couplings and the total Higgs decay width
O Assumption: 80% electron polarization for 1.4 TeV and 3 TeV measurements

O Two types of fit applied:
= Model independent: free parameters FH and ten Higgs couplings

Model dependent: FH constrained by the SM expectations ; no invisible Higgs decays

= =
% CcLICdp o 350 GeV ‘g » CLICdp o 350 GeV
> 1.2 ™ model independent o+ 14 TeV ] P model dependent o + 1.4 TeV
= o +3TeV = e +3TeV
®© B T o
[ o
N — N
< o a b 5%
8 k) I N T 8 B B B B & R ] Bt
O o

1 I | 'J:l"l L Ii‘l‘ D_@_M l ' s

1 o ? 'FII¢# I Té{" ;i% [:r] 7 1 l 1 -
1 @ CRTOB NI WAEZ NS
c t bt WZ g v L
T, . S ©® )
u Zyl H
L _ (I-T)
Nt
0.8 — — 09 v > ]
O s1imi|ar accuratcy HL-LHC
. O much more accurate than HL-LHC
arXiv:1608.07538
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O Top quark couples most strongly with Higgs field = closest insights to the electroweak symmetry
breaking

O Loop contribution to the processes that can be studied with high precision shows sensitivity to BSM
signals

O Uncertainty of the top mass, along with the uncertainty on the Higgs boson mass, is one of the key
inputs to the studies of the SM vacuum stability

Dedicated measurements:

IR =
Top quark mass 200 Instability " ||
- L __.--_"-'d_-'---- [
O Top quark threshold scan B 50 [l 4@3‘: [z [
= [ KB [ 3
O Direct reconstruction = : b | 5 |
g 1001 Stability | g i
Top -Yukawa coupling E \ g
g | &
. S0¢ ' 1
Probe of new physics ; '|
O Top quark electroweak couplings o [
0 50 100 150 200

O Top quark production asymmetries Higgs mass M, in GeV

a CP violation in tOp sector Degrasi et al. Arxiv 1205.6497v2
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-Top treshold scan m

Resonant behavior of the cross-section near the production threshold bound tt state

o FT T T Tr Tt 114
g (0.8 — ttthreshold - 18 mass 174.0 GeV —
g : — TOPPIK NNLO + CLIC350 LS + ISR :
0 Top quark mass mt § | I simulated data: 10 fb™point 1
@ 0.6 | —top mass + 200 MaV .
[74] ~ R
O  Top quark width 1"t o S
5 L i
0O Strong coupling constant O, 04 i
O  Top-Yukawa coupling y, 02l 7]
[] e PR SN RN SR TN TN SR N SR SR S S N |
345 350 355

s [GeV]

-5 I I I T
Dedicated run around threshold with 100 fb™ I ]
0.120 - 20—
0 Ten scan points, 1 GeV, 10 fb™ I o, -
0118 y —
O m, total uncertainty ~50 MeV (~30 MeV stat) i i
0116 N -

17395 17400 17408

top mass [GeV]
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-Top electroweak couplings m

Top as a probe of New physics: top electroweak couplings

O At higher energy, main targets are the determination of the top quark

couplings to Z boson and photon

O Vertices tty , ttZ — sensitivity to the deviation from the SM

[=

O The contribution of Z or Y depend on beam polarization CP CONSERVING COUPLINGS

0 These vertices can be described via form factors (—couplings) g P S, BTy Lo
% 'E e feeso0 cev. L= 500"
L] - L - EPJ 7S EHI2 512
Determination of the couplings: > CLIC, {5 = 350 Gov, L= 590 10
. : CLC, 18= 380 GV, L= 50010" |, ___ ~ F%)
O Measurement of the cross-section e

10 '
O Measure forward-backward asymmetry A_, 2

O Measure left-right asymmetry A .

for different polarizations 103

Results are significantly better than HL-LHC even for the!
first CLIC energy stage 107

e P P P P
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-BSM physics at CLIC m

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

Direct searches of new particles

O Possible observation of the new phenomena
O Precision measurements of new particle properties

O Kinematic limit at the of 1.5 TeV 10

Cross-section [fb]
o

—_

Indirect searches

—
<

O Precision measurements of sensitive observables reveal a

|

P PR | LUl o
signs of new physics, comparing to the SM expectations 0 1000 2000 300(
/s [GeV]

-
Q
N

0 Kinematic limit is higher — several tens of TeV

Next slides: examples of some benchmark BSM studies
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BSM physics: direct measurements

Reconstruction of the SUSY particles

Chargino and neutralino

Reconstruction
of W/Z/h in hadronic decays:

4 jets and missing energy

e’

= 160 e
< 160p
Q i 00
O, 140 T i
=120 [catioag SRl
»
100F %R

60}

4oL

80f:

Heavy Higgs bosons at 3 TeV

Reconstruction of four heavier Higgs degrees of freedom

e'e" —H'A
e'e —H'H
Almost degenerate in mass

Amlm=0.3 %

Masses of superpartners can be measured with ~1% up to a kinematic limit

M. Pandurovic
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¥ .
40 60 80 100 120 140 160

M, , [GeV]

efe” — I — T EIWIWS
e — x“}"1 — ht],.'.l ?'; (82 %)

=0 =i

ete” = i = Zhi\F 7w

o E
E:
»100F

600 800 1000 1200 1400
M(GeV) .

V5 Process Decay mode SUSY Measured  Stat.
(TeV) model quantity uncertainty
e / mass 0.6%
Ll 1L U ~
Hitg 7K Xk i mass 1.9%
_ { mass 0.3%
30 Sleptons g/ sefe 7 I
P RTR hiki % mass 1.0%
- 00 4 _ { mass 0.4%
A e'eW'W -
ofe R 1, mass 0.6%
10 Chargino U —535[]]3{[]]\‘#’ W~ I ili mass 1.1%
a Neutralino ngg—rh’zu “Zﬂxlx] ig mass 1.5%
3.0 Squarks gy — qqxlxl I (j Mass 0.52%
: HYA” = bbbb HY/A mass  0.3%
30  Heavy Higgs — - I !
R 1 R Himass  03%
U { mass 0.1%
gL Ll o
HRHg 7R Xk 1?mass 0.1%
I 0~ { mass 0.1%
14 Sleptons | e m
P CRER T EE Xk 1? mass 0.1%
U T ! mass 2.5%
AR W'W -
VeVe T XIR1E € )ﬁ mass 27%
14 Stau TE =i M Fmass  20%
L4 Chargino i Ax[]]x[]]w W~ " ili mass 0.2%
' Neutralino ngg—rh’zu “Zﬂxlx] ig mass 0.1%
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-BSM physics: indirect measurementm

Extended gauge theories, z': Composite Higgs:

0 Hypothetical gauge boson O Higgs as a composite bound state of fermions

O Precision measurement of using polarized m, are the masses of vector resonances

a
beams O 47Tf scale of compositness
a

O Compared to the SM predictions for

. &_,=(vlf)2 measures the strength of Higgs
cross-sections, A_; A .

Minimal anomaly-free (AFZ’) model :

O Discovery reach up to tens of TeV 0.5
0 HL-LHC reaches ~8 TeV with 3 ab™

80

interactions

0.2

% A 5-3000 065" <0.65 a (5-14009=0.65 9| -0.65 i 0.1
= e 15=3000 9,=09, =0.65 o V5=1400 g‘V=0 g‘“=0.65
= Py } ] )
g = $5=30009, 0659, 0 0 (5-14009, =0.65 g' =0 0.05
= 60 « (5=3000g =065g =0.65 u (5=1400g =0.65g" =0.65 — 6
Y BL Y BL
e - 4
@
> B -
3 i ] 0.02
o
5 o 7] 0.01
© i b .
[¥a) - E— -
N L -
= 3—;/"‘;:;— 0.005
20 ./__—.———/_—__/_‘ —
- >

0.002

D-I...I...I...I...I.
200 400 600 800 1000

Integrated luminosity [fb]

m,in TeV

In AFZ’ theory, sensitivity on the mass can reach several tens of TeV
Composite scale reaches up to 70 TeV
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Conclusions N
]

O CLIC is an attractive option for the future e*e” collider.

O Feasibility of the new acceleration technique based on a two-beam technology,

with high gradient of 100 MV/m, is demonstrated.

O The CLIC detector is optimised to the benchmark physics processes.

O Performed physics studies show excellent potential of CLIC for precision
measurements, as well as large discovery potential for physics beyond the

Standard model.

O Close look to possible discoveries at LHC
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The CLICdp Collaboration

Australia Australian Collaboration for Accelerator Science
(ACAS)
ar nal Centre af
Belarus Particle and High Energy Physics (NC PHEP)

Belarusian State University. sk
Chile Pontificia Universidad Catslica de Chile, Santiago

Czech Institute of Physics, Academy of Sciences of the
Republic Czech Republic, Prague

s Department of Physics and Astronem Aarhus
Denmark " v v

Laboratoire d'Annscy-le-Vieux de Physiques des

Franee
Particules (LAPP). Annecy

elogie (KIT), Institut fir

Germany nd Elektronil K (IPE)

Germany Max-Planck-Institut fir Physik, Munich

Department of Physics. Faculy of Exact Sciences,

Izrael
Tel Aviv University, Tel Aviv

Norway Department of Physies and Technelegy. University
of Bergen. Bergen
Faculty of Physics and Applied Co

Poland s > .

AGH University of Science and Tec

Poland

ﬁb Compact Linear Collider

Romania

Russia
Serbia Vinea Institute of Nuclear Sciences, Belgrade
Spain Spanish Network for Future Linear Colliders

O Focus on CLIC physics and detector studies:

Corpusculaire (DPNC), Geneva

O Physics prospects and simulation studies

0 Detector optimization (Research & Development) for the
future Compact Linear Collider (CLIC) seprtmant oot Uy o

0 28 Institutes from 18 countries

Q http:/iclicdp.web.cern.ch/
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New CLICdp publications

O Comprehensive Higgs physics paper

O New baseline for a staged CLIC
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CLIC Project timeline
_

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

0 Compact Linear Collider
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Particle Flow Paradigm -

llllllllllll

* Particle flow approach:
+ Try and measure energies of individual particles
+ Reduce dependence on intrinsically “poor” HCAL resolution

* |dealised Particle Flow Calorimetry paradigm:
+ charged particles measured in tracker (essentially perfectly)
+ Photons in ECAL
+ Neutral hadrons (and ONLY neutral hadrons) in HCAL
¢+ Only 10 % of jet energy from HCAL => improved jet energy resolution

i o
kR
I T 13
Ejer= Eecal + Encal —= Ejer= Errack *E, + E,
Mainz, February 2013 Mark Thomson 4/27
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