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CLIC - a collider for the future.

@ Compact Linear Collider

CLIC: the Compact Linear Collider { Logene

. wmmm CERN existing LHC
Potential underground siting :

e |inear electron-positron collider cive, oo

* sses CLIC1.5TeV
swse CLIC 3 TeV

e maximum length ~50 km
e /s =3 TeV (staged construction)
e high luminosity: 1034 cm-—2s-!

e small bunch size: 0xyz(40 nm, 1 nm, 44 um)

e peam structure:

156 ns

Trains : et -%Oﬁ?- 312 bunches per train
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Two-beam acceleration

For a ‘compact’ accelerator: 100 MV/m gradient
e high density drive beam

e generates RF in power generating structure

e transferred via wave guides to main beam

e main beams attain maximum +/s = 3 TeV

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

- T &

detector

-

electron main accelerator electrons positrons positron main accelerator
main beams a2

3 ~1 km



Construction and energy-staging

Construction could be performed in stages, allowing for different +/s

1. 500 fb-1 at /s = 350 GeV, tunnel ~10 km, Higgs, top physics

2. 1.5abat+s =1.4TeV, tunnel ~30 km, better Higgs, top Yukawa, first BSM searches
3. 2ab'at+s =3TeV, tunnel ~50 km, double Higgs production, high sensitivity BSM
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=mmm CERN existing LHC

Potential underground siting :

sees CLIC 500 Gev
BYPASS TUNNEL * ssse CLIC1.5TeV
wse CLIC 3 TeV

NTERACTION REGION
DRIVE BEAM LOOPS
MAIN BEAM INJECTOR

DAMPING RINGS

DRIVE BEAM DUMPS

TURN ARCUND

CLIC SCHEMATIC




CLIC is a global, multi-lateral collaboration
of more than 70 institutes from 30 countries
Find out more: http://clic-study.web.cern.ch/

CTF3: The CLIC Test Facility 3 at CERN

CLIC collaboration and CTF3 status

a scaled version of the drive beam complex
produces a high current drive beam
generates power for the accelerating structures

CTF3 has successfully demonstrated drive
beam generation, the production of the CLIC RF
power, and two-beam acceleration up to a
gradient of 145 MeV/m

current tests with two-beam test stand

COMBINER

CLIC EXperimental Area

Two-Beam Test Stand
(TBTS)



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

A detector for CLIC

Precision physics in a
challenging environment:
broad programme of R&D

Highly granular particle flow
calorimetry, using tungsten
and steel absorbers

5.5 m diameter cryostat for
superconducting solenoid, B
field 4-5 T

Instrumented steel return yoke
Complex forward region

More |ater!



The CLICdp collaboration

From the Memorandum on Cooperation:

“The CLIC Detector and Physics Study [CLICdp] focuses on detector and physics
simulations and hardware R&D for experiments at a future high-energy e*e- collider
based on the CLIC accelerator technology.”

e 25 participating institutes, totalling ~140 members
e CERN as a host laboratory
e Proto-collaboration organisation

e Find out more: http://clicdp.web.cern.ch/
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http://clicdp.web.cern.ch/

Motivation for CLIC

g;;;;::::::;;;::;::;:';Ei From the CLIC Conceptual Design Report:

“... the LHC provides a large discovery potential in
proton-proton interactions. A high-energy e*e- collider
IS the best option to complement and to extend the
LHC physics programme.”

.
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AVMICS AN DErscroes ar CLIC

To stay at the forefront of particle physics, Europe

needs to be in a position to propose an ambitious
CERN-2012-003 post-LHC accelerator project at CERN by the time of
the next Strategy update, when physics results from
the LHC running at 14 TeV will be available. CERN
should undertake design studies for accelerator
projects in a global context, with emphasis on
proton-proton and electron-positron high-energy
frontier machines. These design studies should be
coupled to a vigorous accelerator R&D programme,
including high-field magnets and high-gradient
accelerating structures, in collaboration with national

institutes, laboratories and universities worldwide.
e —

European strategy for particle physics,
update 2013:



Motivation for energy frontier physics
and
detector benchmark studies
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Single Higgs production at CLIC

9  F O Hvw, 7
S o feyn diags
I F — ]
(T E r// .
jﬁ L HZ
\b/ 1? HHvV, 3
101% HHZ é
10'2

1 OOO 2000 3000

f 44

Stage |:+/s = ~375 GeV Stage 2&3:+/s = 1.4 & 3 TeV
Higgsstrahlung Vector boson fusion

350 GeV 1.4 TeV
L 500 fb 1.5 ab 2 ab
#ZH events 68,000 20,000 11,000
#Hvv events 17,000 370,000 830,000
#Hee events 3,700 37,000 84,000
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Single Higgs production at CLIC

f | in i roduction ] . )
Soosf  Seneemememem | Higgs polarangle: |
= %6 — Hy3,, (5= 350 GeV _  Measurements at high energy require
—e'e = Hv ¥, [s=1.4Te . . .
000 e osoTey V] good coverage in the forward regions
0.01{
O P S T R N RN TR N T A T TR T T N S
0 50 100 150
6(H) [deg]
Polarisation:

 Benchmark studies assume unpolarised beams
 However, the default accelerator design plans for P(e) = 80%
e This brings a significant enhancement at high energy stages

ZH enhancement Hvv enhancement

unpolarised

P(e
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Higgsstrahlung at /s = 350 GeV

Higgsstrahlung process:

e H/Z events can be identified from the Z .
recoil mass only feyn dlags

* NO requirement on the H at all

e gives a model independent
measurement of gnzz coupling:

c A = 2% from e*, p* _ _
(QHz2)/QHzZ o v cte— s 7H _s M+,LL e
7)) 07" , , '
Using hadronic decays brings extra stats: § 050 | i::ﬁ:;tzzl
* challenge: Z—qq reconstruction may L 200 | — Fitted signal
depend on the H decay mode : ---Fitted background 1
* but extreme variations in SM H BR lead 150 CLIC -
to bias less that statistical uncertainty 100k 350 GeV
e A(gHzz)/gHzz = 0.9% from qq
S0 - .
Combined uncertainty on coupling: 100 150 200 |
* A(QHzz)/QHzz = 0.8% M. .. [GeV
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oxBR measurements at /s = 350 GeV

Reconstructing the decay of the Higgs I W
allows oxBR measurements already at the §
first stage of CLIC 510-1
« for those decays with BR > 1% = Common H decays:
'I can be measured at
M 1st stage
0 / /1l X -=-=--=--=
_ %) Rare H decays:
Stat. precision 8 require higher energy
= = -
o(HZ)xBR(H—bb) 1% 10°
o(HZ)xBR(H—-WW) 2%

HZ)xBR(H- 6% 103100 120~ 140
o(HZ)xBR(H—gg) 80100 L0 IO e
o(HZ)xBR(H—T1T) 6%
o(HZ)xBR(H—cc) 5%
o(Hvv)xBR(H—bb) 3% «—— only H in the final state

In addition: BR(H—invis.) <0.97% at 90% CL
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Events / 0.5 GeV

Precision measurements with Hvv events

High statistics processes: x>
> 14__ | _ | | =
« H—=bb, cc, gg 8 ' ] H— bbsignal ]
. . . < 12 [] SM background 7]
e separation via flavour tagging % 10b E
« H—bb gives H mass +33 MeV 8 ol
» oxBR precisions at 3 TeV: sk E
e A(o(HwW)XxBR(H—bb)) = 0.2% AL E
 A(o(Hvv)xBR(H—cc)) =2.7% 2 E

* Alo(Hw)xBR(H=gg)) = 1.8% %S0 100 150 200

Invariant Mass [GeV]

Rare processes:

e H—=puy, H=Zy, H—=yy

 BRs of the order 0.1% - 0.01%

e precisions on oxBR in the tens of %:
 A(o(Hvv)XBR(H—=pu)) = 16% (3 TeV)
e A(o(Hvw)XBR(H—Zy)) = 15% (1.4 TeV)

205 110 115 120 125 130 135 * A(0(HwW)xBR(H=Yy)) = 42% (1.4 TeV)
Di-muon invariant mass [GeV] 14




Double Higgs production at high energy

The HHvv cross section is sensitive to: gm
» the Higgs self-coupling A f 10
e the quartic HHWW coupling grHww § 1 4—
. only 225 (1200) HHwv events at 1.4 (3) TeV 1o -
e high energy and high luminosity crucial 0 1000 2000 3000
\'s [GeV]
feyn diags

Vs =1.4 TeV Vs =3 TeV
A(g 7% (prelim.) 6% (prelim.)
A(A) 32% 16%
A(A), P(e 24% 12%
15




CLIC nggs combined fit

T
CLIC _prellmlnary o 350 GeV
model independent
11+ O +1.4TeV
® +3TeV

coupling relative to SM

Fully model independent fit of Higgs parameters:

e only possible at a lepton collider

coupling relative to SM

—_
o
O

0.95

—
1+

CLIC prellmmary

model

dependent

O 350 GeV
O +1.4TeV

® +3TeV

* dependent on (and limited by) the model independent gnzz measurement

e extract Higgs width with 5% precision

Model dependent: assuming no invisible decays (LHC style analysis)

* higher precision: Higgs width with <1% precision

e but results strongly dependent on fit assumptions

16




Top quark mass measurement

f
el t
f_/
/
e~ t _
Vs = 350 GeV: !

tt pair production for the first time in ete- collisions
threshold scan with dedicated operation

e 10 x 10 fb-Taround /s = 2 x top mass
theoretically clean mass measurement
statistical precision on top quark mass 34 MeV

total uncertainty < 100 MeV (including theory and
systematics on beam energy and luminosity
spectrum)
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Top Yukawa coupling and BSM top

tt
2
g 10
< 10 _
= 107 ttz
§ i
o 100+
(V)]
o
Ulo-l
_ 14 ToV 10”5000 2000 3000
Vs = 1.4 TeV: V5 [GeV]

e ttH cross section gives directly sensitivity to the top Yukawa coupling
e higher +/s: less signal but also less tt background

e cight fermion final state - excellent detector benchmark

e precision on the top Yukawa coupling of 4.5% (as at 1 TeV)

Vs =3 TeV:

e top as a probe for new physics, Vio, Ars!

e the focus of future studies
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Direct BSM searches at CLIC

Direct searches: | fOS ee

* CLIC will pair produce new particles with M <+s/2

e Analyses using SUSY models: 3 ,I:’ |

1. sleptons at y/s = 3 TeV
 |eptonic final state with missing energy | AT
« masses from endpoints of energy spectra CDR Model |

* precisions of a few GeV possible (M ~ 1 TeV)

+ - ~ 4~ — + . =00
ete” — lpip = 1T XX
2 —— O o weete
C 100} ——— Fit:S+B(Data)-B(MC), events: 2845
) ME= 1014.29+ 5.57
= My?= 34175+ 6.38, %/ ndf 24.5 /45
I LL 80 = ]
: - 1 _ -
S N\ | )k 60 -
o e XS eSS T 1} I
\...;—.2 40 - m
20 -
muons i

O i P PR T I T T TR T e ]
0 500 1000 1500 2000
E [GeV]
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BSM physics with hadronic final states

2. gauginos at+/s = 3 TeV

* hadronic final state with missing energy
precision 1-1.5% (M ~ 100 GeV)
3. heavy Higgs bosons at /s = 3 TeV 100

e top, beauty jets in final state

« masses from tagging heavy flavour jets 60

—
N
o

Entries / 2 ab™
o o
(@) o

(o)}
o

nN b
o O O

precision 0.3% (M ~ 1 TeV)

ete™ — HYAY — bbbb

AL I B L L B
- | + HA

C [ ww

- | Cww E
[zz
[ Jtt+4b

[ ' B wwzizzz | ]

600 OO 1000 1200 1400
Di-Jet Invariant Mass (GeV/c?)

—h
)
o

Entries / 2 ab™

efe” = XXy = X\ixiW W™
;‘160_||||_.50
() | XOXO—>hh il
(2.140_— . ‘ 272 -
N TR v 140
<7120 R~
“ ,:s. i - 30
o . 3?‘3’ =20
80f; I
M g’\“"r,’WXX%hZ_: 10
x*x'%W+W PSS
"\';/-
40 |. L I)ln e 0 O
40 60 80 100 120 140 160
M; , [GeV

eTe” — HT"H™ — tbbt

o
o

L L A L L
<+ HH
[ ]HA
[ Jww
[zz -
[ Jtt+ab ]

] wwz+zzz

500 800 1000 1200 1400
Di-Jet Invariant Mass (GeV/c?)
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Wider applicability than

just SUSY:

Particles classified as
states of mass, spin,

qguantum numbers.



Indirect searches for BSM physics

Indirect searches: reaching higher mass scales through precise measurements of
Known observables

e /' sensitivity in ete-—ptu-: observables are cross section, Ars, ALr give CLIC
sensitivity up to tens of TeV

e Composite Higgs bosons: using CLIC single and double Higgs measurements
to probe compositeness scale up to 70 TeV

= 80 1.0
s L 4 1s=8000g =0.65¢ =065 A s=1400g =0.65g’ =0.65 i I
= - e 15=3000g' =0g’ =0.65 o Vs=1400g' =0 g’ =0.65 4 O'5j
"'é - w 5=3000¢' =065’ =0 0 1s=1400 ' =0.65 ¢’ =0 - I
= 60 [ « 1s=3000 9\,=065g =0.65 x (s=1400 g,=0.65g’ =0.65 — 0.2
- I | .
) B i
3 i ] 0.1
O i
D40 — i
'g N i 0.05 .
1} : . & 7 CLIC Double Higgs|
N A
= u u;/‘é: i 7
o0 - O —a 0.02
u — o —o |
| — = —= ] 0.01:
0 ’: 1 1 l 1 ’; 1 l 1 1 1 l 1 1 1 I 0_005;
200 400 600 800 1000 I
Integrated luminosity [fb™] ’
0.002

21 m,in TeV



CLIC detector challenges

with a focus on the vertex detector
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CLIC in a nutshell

» High precision:
® |et energy resolution
e fine grained calorimetry
e momentum resolution
e mpact parameter resolution

» Overlapping beam-induced background:
e high background rates, medium energies
® high occupancies

e requires precise timing (1 ns, 10 ns)

» ‘No’ issue from radiation damage
e cxcept for small forward calorimeters

» No trigger, full readout of 156 ns bunch train

23



Beam induced backgrounds

eTe Pairs

. \//
Dense bunches, high energy, small

transverse size leads to very high @ @

E-field, resulting in beamstrahlung
Conseqguences:

Beamstrahlung

e reduction in /s

R [mm)

S 8 8 8 8

e high occupancies drive small
pixel/strip size for tracking

e also geometric requirement on
vertex detector inner radius

/

150 200 250 300 350

0.6 mm Berylllum/

50 100

e pkg energy deposits drive small Minimum inner Maximum occupancy including safety factor 5:
1.9% per pixel in the barrel layers

2.9% per pixel in the forward layers

cell size for calorimetry radius = 30mm

e high precision timing: 10 ns in
tracking, 1 ns in calorimeters

e reconstruction: particle flow
algorithms, followed by hadron-
collider-like KT jet clustering 7T (-
(beam jets) T

Big Challenge! No bkg suppression After bkg suppression
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Vertex detector requirements

Goal: efficient tagging of heavy quarks through
a precise determination of displaced vertices

e Single point resolution of 3 um

e Material budget of < 0.2% of a
radiation length per layer

e No active cooling elements -
use forced air flow cooling

Multi-layer barrel and endcap pixel detectors e Limit the power dissipation to
» 560 mm in length 50 mW/cmz2 in sensor area
» Barrel radius from 30 mm to ~70 mm e Hit time slicing of 10 ns

25



Vertex detector R&D programme

Readout Thin sensor assemblies Supports

A
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Powering

S A | '- Wide range of expertise required: Electronics, chip design,
) \udi mechanical engineering, DAQ, silicon sensor technology,
y test beams, telescopes, pixel data reconstruction ...
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CLICpix readout

e The CLICpix ASIC: a fast, low power readout chip with 25 um pitch
e 4-bit TOA and TOT measurements for each pixel

e Supports power-pulsing and data compression

!
!

e |mplemented in 65 nm CMOS technology

CCPDv3 CLICpix

next pixel
|

Feedback

Compresion
network

logic

L
ToT 4-bit

logic TOT
+ counter
vthr} 4-bit
ToA/EC|_| TOA/Event

logic counter

Rb ||Cm

3 mm

Cmo

second

HV | 9ainstage .

previous pixel

1.85 mm
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Thin sensor assemblies

e Hybrid planar pixel technology: sensor + read out chip
e Ultimate goal: 50 um sensor on 50 pm ASIC with 25 um pitch

Jajem uoaijis a1y} wrl og

Two types of assembly so far tested:
« standard or thinned Timepix bump-bonded to 50 - 500 pym silicon wafer, 55 pm pitch
« CCPDv3 (300 pm) capacitively coupled to CLICpix, 25 pm pitch

CCPDv3-CLICpix assembly

St SR

AERBARRARRRRRRRRRRIINS

i
;
:
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Data recorded at:

« DESY PEP-II: 5.6 GeV electron beam
« CERN PS: 10 GeV mixed beam
Using the EUDET telescope

@1025""1""|""|""|""|' ’\3 L | 1 T
0.06 | < < 99F geesettiettice
A n > X . : ]
o Q i K o ]
! B 10k ] @ 98[ R Nominal | =
0.04 3 | 2 : . ]
! B [ —— Cluster size 1 (1x1) w97 - . ) B
A % 1L —e— Cluster size 2 (2x1) | 96 N . '
. S E —e— Cluster size 2 (1x2) § :_ . E
0.02 - g - —— Clus:er size 3 (2x2) E I COG-W01 26 5 ]
—e«— Cluster size 4 (2x2) 95:_ pP-In-n . _:
I A e a5 = s e il Loy v 1y ] Al b o R RS BT S N
0 0.01 0.02 0.03 0.04 0.05 10 100 200 300 400 500 250 300 350 400
2HC track Y position in pixel (mm) Sensor thickness (um) Threshold (ADC)
4000 E 1 Multi-hit clusters: resolution
« Charge sharing varies with thickness ]~ determined by alignment, charge
_ o 3000 - 1 sharing, hit making method, TOT
 Excellent detection efficiency so00l- 1 resolution, noise, efficiency...
* Resolution depends on cluster shape, .t « 1 Single-hit clusters: resolutio
2-hit cluster ~4 um (including tracking) o determined by pixel size

-0.1 -0.05 0 0.05 0.1
29 XTrack - XHit (mm)



Capacitively coupled HV-CMOS assemblies

Capacitive coupled pixel detector (CCPDv3):

Active sensor with two-stage amplifier in
each pixel

Implemented in AMS H18 180 nm HV-
CMOS process

Capacitive coupling to CLICpix bond pads
through layer of glue

Publication imminent
Gluing tests ongoing

pics of gluing
studies from Flo

30

o
)

Track position (mm)
& o °© o o
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- CLICpix-CCPDv3 assembly

work in progress

...............

...............

0.2 0.4 0.6 0.8
Cluster position (mm)

corY
Entries 373

- Mean x -0.04429

“ |Meany -0.02882

- RMS x  0.4555
RMSy 0.4569




Power pulsing

Power pulse CLICpix ASIC to achieve dissipation < 50 mW/cmz2 in the sensor area
e Analog electronics can be turned off: 2 W/cm2 = 2 mW/cm?
e Digital electronics in idle except during readout: 100 mW/cm2 — 13 mW/cm?

s PIW] 3%15]”"0{]’{ Vioad {2y : |[AV=16mV,
Bunch 1 20ms] ——— 156ns 46 ' ¥2 A per chip
el I | veap 33V

\lload for 1 ASIC

s it o1 ALON 24|W1
Digital - 7% (x _ 1) idle + 1 read out _—— 0.54[W

O - Particular case top = 20ps

Analog !
All OF] / \ 0[W] / :
N \ ' . Analoaue results '

1.4V

Lab tests of power pulsing:

e controlled current source, dummy load

e confirms total dissipation < 50 mW/cm?2

Tests in a 1.5 T magnetic field:

e clectronics continues to work (power-pulsing)

e torques (due to current loops) too small to measure
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Alir flow cooling

e Jotal heat load after power-pulsing ~470 W
e (Cooling provided by forced air-flow:

* Dry air cooling at 0°C

* Low material: radiation length of air ~310m

Test bench measurements:
e vibrations < 3 um in transverse plane

e cooling sufficient for single stave at 50 m\W/cm?
e visual confirmation of streamlines

e full temperature and flow measurements under way
32




summary

CLIC: a high-energy linear electron-positron collider to complement the LHC
Two beam acceleration: 100 MV/m for a compact layout achieving /s = 3 TeV
Energy staging gives access to different centre of mass energies
Strong physics programme: Higgs, top, BSM all at high precision
Challenging detector development: many areas of R&D
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