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Linear lepton colliders
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Hadron versus lepton colliders

Hadron colliders Lepton colliders

1) Proton is compound object 1) eTe™ are point-like
o Initial state unknown o Initial state well-defined
o Limits achievable precision (energy, polarisation)
o High-precision measurements
2) High rates of QCD backgrounds 2) Clean experimental environment
o Complex triggers o Trigger-less readout
o High levels of radiation o Low radiation levels
3) High-energy circular colliders 3) High energies require linear ﬂb
possible colliders
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Circular vs. linear ee™ colliders

@ Circular colliders

o Can accelerate beam in many turns
o Can use beam many times
@ For electrons synchrotron radiation can be large
@ Synchrotron radiation per turn
~ Energy*/(Mass® - Radius)
@ Massproton/Masseiectron &~ 2000

@ E.g. 2.75GeV/turn lost at LEP for E = 105 GeV
— Maximal energy limited

accelerating cavities

/\

@ Linear colliders:

@ Almost no radiation in a linac
@ Have to achieve energy in a single pass
— High acceleration gradients needed
@ Have to achieve luminosity in single pass
— Small beam size and high beam power
needed
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The Compact Linear Collider (CLIC)



Reminder: particle acceleration

@ Radio frequency (RF) accelerator:
synchronise particles with an RF electromagnetic wave

A

o ,’\ﬁf\/_)Aﬁ
‘ ‘partjclel)tlrwcl1| | electric field ‘ f

II_iIIIII‘_LIIII
— 44— o - — —o —o 4— -0 —

.

el
§L

@ CLIC aims for high collision energies (up to 3 TeV)
@ Requires very strong acceleration to keep accelerator length reasonable

@ Acceleration is more efficient at high frequency

— CLIC: 100 MV/m (100 million Volts per metre) at 12 GHz
(LHC: 5 MV/m and 400 MHz) ﬂb
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Two-beam acceleration scheme

@ Drive beam supplies RF power

@ 12 GHz bunch structure
o High current 100 A
o Low energy 2.4 GeV —240 GeV

@ Main beam for physics

o Lower current 1.2 A
o High energy 9GeV — 1.5 TeV

— drive beams

these electron beams provide the RF power to the main accelerators

/ - JE— /
electron main accelerator electrons positrons positron main accelerator
main beams
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https://inspirehep.net/record/924506

Two-beam acceleration scheme

. . Electromagnetic field simulation
@ Drive beam supplies RF power g

@ 12 GHz bunch structure
o High current 100 A
o Low energy 2.4 GeV —240 GeV

@ Main beam for physics

o Lower current 1.2 A
o High energy 9GeV — 1.5 TeV

1=02.50 ns

— drive beams

these electron beams provide the RF power to the main accelerators

4 — p— . 7/
electron main accelerator electrons positrons positron main accelerator
main beams
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https://inspirehep.net/record/924506

Two-beam acceleration scheme

@ Drive beam supplies RF power

@ 12 GHz bunch structure
o High current 100 A

o Low energy 2.4 GeV —240 GeV
@ Main beam for physics

Electromagnetic field simulation

o Lower current 1.2 A
o High energy 9GeV — 1.5 TeV

o

=
—
°
°
B
-
°
~

t=08.00 ns

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

/ -
electron main accelerator electrons

_—
positrons
main beams

/
positron main accelerator

CLIC Physics and Detectors


https://inspirehep.net/record/924506

Two-beam acceleration scheme

. . Electromagnetic field simulation
@ Drive beam supplies RF power g )

@ 12 GHz bunch structure
o High current 100 A
o Low energy 2.4 GeV —240 GeV

@ Main beam for physics

o Lower current 1.2 A
o High energy 9GeV — 1.5 TeV

t=15.00 ns

— drive beams

these electron beams provide the RF power to the main accelerators

/ - JE— /
electron main accelerator electrons positrons positron main accelerator
main beams
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CLIC accelerator modules

CLIC two-beam module

@ Two-beam module of
2m length

@ Operating at room
temperature

@ 20,000 modules needed

for 3 TeV accelerator of
50 km length

¥: H_H_LH,H_\_\HI.HHHIHH:{{
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Staged implementation

@ Want to reach high luminosities (~ 10** cm~2s7!)
@ Achievable for /s from 350/380 GeV to 3 TeV in staged construction
@ Three stages with 11 km — 50 km length

@ Constructing next stage while taking data with current stage

A v ¥ EoN -~
4 Legend ;

Lake Geneva
e=m= CERN existing LHC

Potential underground siting :

CLIC 380 Gev
CLIC1.5TeV
CLIC 3 TeV

Jura Mouyntains

.
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CLIC layout at 380 GeV

. . 446 klystrons
Drive Beam circumferences | | | 20MW,48ps

delay loop 73 m -
CR1293m drive beam accelerator
CR2439m

2.5km
4 delay loop

@ decelerator, 4 sectors of 878 m

1.9km 1.9km
TA e~ main linac, 12 GHz, 72 MV/m, 3.5 km P e* main linac T

N\ V'

11 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 Main Beam
2.86to 9 GeV

e~ injector

e*injector
2.86 GeV

2.86 GeV
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CLIC layout at 3 TeV

540 klystrons N . 540 klystrons
20 MW, 148 s | Drive Beam circumferences | 20 MW, 148 s
— I I delay loop 73 m I - I -
drive beam accelerator CR1293m drive beam accelerator
CR2439m

2.5km 2.5km
delay loop » 4 delay loop

@ @ decelerator, 25 sectors of 878 m
/L

NN\
NN 77
2 L] BD BDS .
2.75km 2.75km
TA e~ main linac, 12 GHz, 72/100 MV/m, 21 km P e* main linac T

N\ [

50 km
CR combiner ring
TA  turnaround
DR damping ring booster li
PDR predamping ring ooster linac
BC bunch compressor ‘ 2.861t09 GeV w
BDS beam delivery system
IP  interaction point
B dump

e~ injector

e* injector
2.86 GeV

2.86 GeV
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CLIC Test Facility at CERN

COMBINER

CLIC EXperimental Areafl_

Two-Beam Test Stand
(TBTS)

Test Beam Line (TBL)

CLIC Physics and Detectors



CLIC programme

o A T T T T
21000 [-| Luminosity per year . £ 4000
— [|— Total ] —
] [|— 1% peak ] >
o 800F 7 'Baooo
Z I 038Tev 1.5 TeV 3TeV A c
5 [ - =
o 600 C ] g
? r 1 ; 2000
8 400 :— —: 5
£ I ] Sio00
€ 200 - >
5 L ]
= I ] E
0 — — = o0
0 5 10 15 20
Year

@ CLIC programme of 22 years:
7 years (380 GeV), 5 years (1.5 TeV), 6 years (3 TeV)
interleaved by 2-years upgrade periods

@ Luminosity ramp up of 4 years / 2 years
(5%, 10%,) 25%, 50%, 100%

CLIC Physics and Detectors

F— 171~ T T ]
[ | Integrated luminosity -
[|— Total ]
1 — 1% peak ]
[ 038Tev 1.5 TeV ]
0 5 10 15 20
Year



.
Experimental conditions at 3 TeV CLIC

CLIC
beam
structure

Not to scale

CLIC at 3 TeV

Luminosity

5.9.10%*cm—2s1

Train repetition rate

Train duration

Bunch crossings / train
Bunch separation

Duty cycle
Beam size o4/0y
Beam size o,

50 Hz
156 ns
312
0.5ns
0.00078%

~40nm / 1nm

44 um ﬂb

CLIC Physics and Detectors



CLIC detector requirements
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CLIC physics aims — detector needs

Example: H— pp
T T T

T
a6 p)/p;

@ Momentum resolution
o Higgs recoil mass, smuon endpoint, gloa
Higgs coupling to muons S
— Op /P2 ~2x107°GeV? 2
@ Impact parameter resolution
e c/b-tagging, Higgs branching ratios

.3
— 0rp ~ 5@ 15/(p[GeV]sin2 B)um 176 18 120 122 124
Di-muon invariant mass [GeV]

@ Jet energy resolution
e Separation of W/Z/H di-jets Example: W /Z separation
— og/E ~ 3.5% for jets above 100 GeV T

@ Angular coverage

o Very forward electron tagging
— Down to 6 = 10 mrad

—0,/m=1%
—0,/m=25%
—0,/m=5% -
—ao,/m=10%

Arbitrary Units
(2}
T

@ Requirements from CLIC beam structure 2
and beam-induced backgrounds
e Tight timing cuts in the order of 1-10ns 0 70 80 90 100 110 120
(depending on detector region) Mass [GeV]
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Detector needs: beam induced backgrounds

@ Small bunch size: oyy.; = {40nm; 1nm;44um} — strong beam-beam interactions

e*e” Pairs vy — hadrons

*

o O

" —
Beamstrahlung Y/Y q
—4n10
. é 10 L "~ "““Coherent Pairs ]
@ Coherent e"e™ pairs = g8k — Incoherent Pairs ]
8 i - — Tnder!_tI P(?ws ]
e 7-10° per BX, very forward 0 105k — vy — Hadrons 7
8 3
@ Incoherent ete™ pairs: S 104_ ]
e 3.10° per BX, rather forward g o E
o High occupancies — impact on 10°F detector ]
detector design 1E
@ yy — hadrons 102k
e “Only” 3.2 events per BX at 3TeV 104k

-
Q
S

! ) 1
@ Main background in calorimeters and 10°  10? 101 1 !b
trackers — Impact on physics 6 [rad]
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CLIC detector needs: beam-induced backgrounds

Example:
H — Zy;Z — qq © 1.4 TeV before and after rejecting out-of-time background

Before background rejection After background rejection




I e e
Beam energy spectrum

'-'_é T @ Due to beamstrahlung energy is lost
20'02; 1 right at the interaction point
-%_015i_ S ] @ Collision energy is reduced by the

r T 1 amount lost in beamstrahlung before

S ..
001 C Q/, @ ] collision
— Vin, NV —
I ';N“Wﬁ?“ ; e Example:

C * ] o Full luminosity at 3 TeV:
0.005 B 5.9-10%*cm™2%s7!

i 1 o 1% most energetic part:

0— ; : e 2.0-10* ecm 257!
0 1000 2000 3000

\s'[GeV]

@ Most physics processes are studied well above production threshold

@ Can profit from almost full luminosity ﬂb
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CLIC detector

(selection)

CLIC Physics and Detectors



CLIC detector

return yoke (Fe)

with muon-ID
detectors

Superconducting
solenoid, 4 Tesla

e+

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

main silicon tracker,
(large pixels / short strips)

11.4m

CLIC Physics and Detectors

forward region with
compact forward
calorimeters

e
Note: final beam
focusing is outside
the detector

ultra low-mass
vertex detector,
~25 pm pixels

September 8, 2016 21 /50



CLIC vertex detector

@ Flavour tagging capabilities drive the design of
the pixel detector
@ Vertex detector needs to be extremely accurate
and light
@ Single point resolution of 6 < 3um

— Pixel pitch &~ 25um (25 times smaller
pixels than at LHC) and analogue readout

o Material budget < 0.2 %Xy per layer
— 50um sensor + 50 um ASIC, low mass

support, power pulsing, air cooling
— Low power dissipation of 50 mW /cm?

// @ Time stamping < 10ns for background
suppression

o Radiation level 10* times lower than at LHC

— Comprehensive vertex detector R&D Q!b
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Vertex detector

Silicon Vertex and Tracker R&D

Sensors Readout ASICs = “Simulations

Powering

Light-weight supports

Detector integration + assembly

Calculation

CLIC Physics and Detectors September 8, 2016 23 /50



Example: Test beam experiments with pixel detectors

@ Test-beam measurements with ultra thin
sensors (50 um)
o High detection efficiency (> 99%) under
normal operating condition
o Resolution limited by single-pixel clusters
o Resolution degrades for thinner sensors

o CERN-LCD Timepix3 telescope
o Permanent installation at CERN SPS H6B
e Movement and rotation stages for
automatic scans
High rate up to 10 M particles/s
Track timing < 2 ns accuracy
Track pointing resolution 2 um

@
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Example: Vertex detector cooling

Simulation of air flow and heat transport

@ Vertex detector with low material budget
— Power pulsing and air cooling

@ Heat load of 50 mW/cm? extractable using
spiral air flow
— Test concept in simulations

@ Verify simulation results using
real size vertex-detector mockup

o Visual test of air flow using smoke

e Study spiral air-flow feasibility,
temperature and vibrations

E
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Calorimetry: Jet energy resolution

ZW—qqqq

@ Jet energy resolution (JER)
requirements depend on physics goals
@ Starting point for detector design

— Ability to separate hadronic
W and Z decays

L |- - -
60 80 100 120
m/GeV
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Calorimetry: Jet energy resolution

@ Jet energy resolution (JER)
requirements depend on physics goals
@ Starting point for detector design

— Ability to separate hadronic
W and Z decays

80 100 120

m/GeV
Perfect — 3.16 W/Z sep. 2% JER — 2.9c sep. 3% JER — 2.60 sep. 6% JER — 1.8c sep.
soof T pTTTIII e T
100F E 60f 1
200F 1 ook ] sof ]
4o} p
eof ]
100 1 50 1 40F E 20 1
20F ]
% 60 80 100 120 140 U0 B0 80 100 120 140 40 60 80 100 120 140 40 60 80 100 120 140
Miny Miny Miny Miny
@ 3%—4% jet energy resolution gives ~ 2.6 — 2.3c W/Z separation Q!b
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N Colormey
Particle Flow Calorimetry

3%—4% jet energy resolution reachable with Particle Flow Analysis (PFA)

Motivation:

@ Average jet composition

@ 60% charged particles
30% photons
10% neutral hadrons

— Always use the best information

e 60% — tracker ©)
30% — ECAL
10% — HCAL
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Particle Flow Calorimetry

3%—4% jet energy resolution reachable with Particle Flow Analysis (PFA)

Motivation: Particle Flow Analysis: Hardware + Software

@ Average jet composition @ Hardware: Resolve energy deposits
from different particles

@ 60% charged particles . . .
— High granularity calorimeters

30% photons

10% neutral hadrons
— Always use the best information
@ 60% — tracker % @l‘"

30% — ECAL
10% — HCAL & Ejet=EgcaL+EncaL

@ Software: Identify energy deposits
from each individual particle
— Sophisticiated reco. software n

Ejet:Etrack+Ey+En

Graphics by M. Thomson, J. Marshall
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Optimise calorimeter for particle flow  [SReco detais in backup siides |

Pandora Preliminary

) s T T T T .
8 Fascevias —o= 100 GeV Jets ]
Ga 457" 180GeV Jets —— 250 GeV Jets. -
S ]
=) r ]
g 4 ]
= F ]
[t ]
% [ ]
g o :
[~ :
2 ; 1'0 1'5 2'0 25
ECal Cell Size [mm]
Pandora Preliminary

g Fo—e—45Gevias T 0 Gevies ' E
G—. 45 T 180 GeV Jets —— 250 GeV Jets -
: , , E ]
@ High granularity of calorimeters g M ]
— Separate overlapping showers =ik E
to reduce confusion % E 1
o _ /2 2 2 2 = F E
Ojet = \/Gtrack + Oel.-m. + Ohad. + Oconfusion ~ L ]

s _ 2 5 0
@ JER of 3%—-4% when using HCal Cell Size [mm]
— ECAL cell size: ~ 1 x 1cm? rmsgg and meangy = rms and mean in smal
— HCAL cell size: ~ 3 x 3cm? range of E,e dist. containing 90% of events
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Active layer technology: Examples

CAu@?

Silicon PIN diodes (1 x 1cm? in 6 x 6 matrices) Scintillator tiles/strips (here 3 x 3cm?) + SiPMs

L /1A WLS Mirror

A

J
SiPM Align.

Calibrated
~ dot of glue
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Calorimetry

CALICE test beam experiment: Example

@ Test beam experiments in 2006-2015 at DESY, CERN, FNAL
@ Prototypes of up to ~1m?, ~2m? including Tail Catcher Muon Tracker

Fe-AHCAL

AHCAL/Si-ECAL: ~ 10000 readout channels i)

~ E. Sicking (CERN) CLIC Physics and Detectors September 8, 2016 30 / 50



maAmy

Forward CALorimetry: FCAL Calorsion

de
Eogaemss

@ Very forward e.m. calorimeters: LumiCal + BeamCal
@ Very compact design (sensors, read-out + tungsten plates)

e~ and y acceptance to small angles

Luminosity measurement

@ Beam feedback

BeamCal GaAs, LumiCal silicon

Tungsten absorber

LumiCal module with Si sensor (one sector)

(ELIE Bt e D e e s 8



CLIC physics programme

(selection)

ey . (ELIE Bt e D e e s e 2@



CLIC physics program

@ High luminosity over wide range of /s 10° Tk SUSY Model 3
— Staged construction - Higgs
—_ E 4| — ipe
@ CLIC energy stages defined by physics % | 4= s
— Adapt to discoveries at LHC g 10 — -
g 10° £ /#77\ — nreuvtrzlinos
@ Proposed scenario S g;
107t F i
1) /s= 380GeV, 500fb~! and | 1]
_ -1 - L [
Vs = ~350GeV, 100 b 107 1000 2000 3000
e SM Higgs physics including Vs [GeV]

total width measurement

@ Top precision measurements
2) /s =15TeV, 1.5ab~ 1

o New physics

o ttH, Higgs self coupling

o Rare Higgs decays
3) Vs =3TeV, 3ab™}

o New physics

o Higgs self coupling

@ Rare Higgs decays

F T T T
4000 [~ Integrated luminosity| —

Total

1% peak

3000 -

j 0.38 TeV 15TeV 3Tev
2000
1000

Year
© Esicking (CBRN) ClCIP e Daeaae  Septembers, 2016 33 /50

Integrated luminosity [fb™]

S



Higgs physics at CLIC (1)
et 7 et WW fusion Ve et ZZ fusion et

e” H e~ .
g [ E 350GeV"  1.4TeV* 3Tev
e L d Lint 500 fb~™* 1.5ab”! 2ab”!*
1 E 3
o | ] 68000 20000 11000
% B ] # Hvv events 17000 370000 830000
10; # He'e™ events 3700 37000 84000
3 E * previously studied staging scenario
10";7 7; @ Large samples of Higgs bosons achievable
E ] at CLIC without beam polarisation
102 L ] @ 80% e~ polarisation foreseen at CLIC
0 3000 — 12% more HZ and He"e™ events
Is [Gev] — 80 % more HvV events ﬂb
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Higgs physics at CLIC (2)

_"_l'rilinear self coupling _

Top Yukawa couplin
e+ P pling e Ve

Quartic coupling _
e+ pling Ve

H
N H w P
W 7 ><
V4 ~H
e” t e e Ve
g 3
g f ]
I
1100 3 "
o E 1.4TeV 3TeV
LIS ] Lint 1.5ab~1 2ab 1"
E E # ttH events 2400 1400
[ ] # HHvV events 225 1200
3 E
F 1 * previously studied staging scenario
10t E
@ High energies and luminosities needed to
107 - 50 access rare Higgs production processes ﬂb
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I Hees P
Higgsstrahlung at /s = 350 GeV

w
8
3

a) CLICdp Vs =350 GeV.
ZHZ ww

} simulated data
—fitted total

—fitted signal

-~ fitted background

ut

o

Events / 2 GeV

N
S
3

e+ ~—>Z7ZH > utu—H

2 2 -
Myecoil = S + mz — 2EZ\/E 100 150 200
My [GeV]

ete” - ZH —+ete”H

o Acyz/onz ~3.8% — Algnzz)/gnzz =~ 1.9%

@ Measure HZ events from Z recoil mass 5 2005 ‘ ‘
& [ CLICdp Vs =350 GeV
@ Also sensitive to invisible Higgs decays St Bz e ]
S 150 |- t simulated data _
@ Measurement of gyzz coupling i et ]
L -~ fitted background |
@ Z—ete /utu~ decay w0l ]
e BR(Z s utu=/ete )= 7%
o Fully model independent s .

100 150 200
My [GeV]
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Higgsstrahlung at /s = 350 GeV

7 a
¢ @\ ete™ — ZH — qqH
q

a) CLICdp Vs =350 GeV
< 200 T T T
&. [ ]
Eﬁleoj B
e~ H b ]
m?ecoil :S+m% _2EZ\/§ 160: ]
140 |- .
@ Measure HZ events from Z recoil mass also in ~ **°F ]
hadronic Z decays 00 f- ]
e Z — qq decay golerci il e

° BR(Z N qa) ~ 70 % 70 80 90 100 110 120 130
~ My, iceV]
o Challenge: Z — qq reconstruction may depend o
on H decay mode
o AGHZ/GHZ ~18% — A(gHZZ)/gHZZ ~09%

@
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Results from 25 independent full Geant4 detector simulations including backgrounds

Statistical precision

Channel Measurement Observable 350 GeV 1.4TeV 3.0TeV
500fb~1  15ab— 1  20ab— !
ZH Recoil mass distribution my 110 MeV — —
ZH 6(HZ) x BR(H — invisible) Tinv 0.6% - -
Hveve H — bb mass distribution my — 47 MeV 44 MeV
ZH 6(HZ) x BR(Z — IT17) gstzz 3.8% — -
ZH 6(HZ) x BR(Z — qg) glz-lZZ 1.8% - -
ZH 6(HZ) x BR(H — bb) gyZZgbe/rH 0.84% - -
ZH 6(HZ) x BR(H — ct) 87785 /TH 10.3% - -
ZH 6(HZ) x BR(H — gg) 4.5% — -
ZH 6(HZ) X BR(H — 71 +7) gézzngT/rH 6.2% - -
ZH 6(HZ) x BR(H — WW*) etizz8hww /TH 5.1 - -
HyeDe 6(Hvee) X BR(H — bb) AR/ TH 1.9 0.4% 0.3%
Hvee o(Hveive) X BR(H — cg) &hwwEhicc/TH 14.3% 6.1% 6.9%
Hueve o(Hvee) X BR(H — gg) 5.7% 5.0% 4.3%
Hueie o(Hvee) X BR(H — 7177) gHWWgHTT/I'H - 4.2% 4.4%
Huee o(Hvee) X BR(H — ptpu™) gHWWgHW/rH - 38% 25%
Hueie 6(Hrebe) X BR(H — ~7) — 15% 10%*
Hveie o(HveDe) X BR(H — Zv) — 42% 30%*
Hveie o(HveDe) X BR(H — WW*) &t WW/rH — 1.0% 0.7%*
Hueie o(HveDe) X BR(H — ZZ*) gHV\NVgHZZ/rH — 5.6% 3.9%*
Hee o(Hee) x BR(H — bb) 8277820,/ TH - 1.8% 2.3%*
tTH 6(tEH) x BR(H — bb) 8228Rmp/TH - 8.4% -
HHvepe  o(HHveie) A - 32% 16%
HHve e with —80% e~ polarisation A — 24% 12% @
Results without beam polarisation *: extrapolated

ey . (ELIE Bt e D e e e s e B



S CCphsiesprogamme | Higgsphysis
Higgs coupling to mass

@ Combine results of studied Higgs production and decay channels in global fit
— extract couplings and Higgs width

@ Fully model independent approach, unique for lepton colliders

% T T T T
S 1E cLicdp E
T [ 15-350GeV+14TeV+3TeV 5 % 7
> [ model independent H ]
-?'E1 r w 1 @ Based on results from full Geant4
§ 107 E detector simulations including
F . backgrounds
[ b ] .
@ Global fit assumes 80 % electron beam
-2 | — . .
107 oS E polarisation at 1.4 TeV and 3 TeV
109 ; 7 @ Publication “Higgs Physics at the
FM CLIC Electron-Positron Linear Collider”
107 1 10 10?
particle mass [GeV] ﬂb
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https://arxiv.org/abs/1608.07538

Higgs coupling to mass

@ Combine results of studied Higgs production and decay channels in global fit
— extract couplings and Higgs width

@ Fully model independent approach, unique for lepton colliders

=
‘g CLICdp o 350 GeV
> 1.2 ™ model independent o+1.4TeV N
= | e +3TeV
3 @ Based on results from full Geant4
o 1 detector simulations including
R backgrounds
[e]
R T el " @ Global fit assumes 80 % electron beam
i iy -
-t o polarisation at 1.4 TeV and 3 TeV
c Tt bt WZ gy . .
o Tw " 2l n! @ Publication “Higgs Physics at the
| | CLIC Electron-Positron Linear Collider”
08| —
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https://arxiv.org/abs/1608.07538

Higgs coupling to mass

@ Combine results of studied Higgs production and decay channels in global fit
— extract couplings and Higgs width

@ Fully model independent approach, unique for lepton colliders

=
24k CLicdp 0350Gev | ||
‘q'; model dependent o+ 1.4TeV|
= e +3TeV
3 @ Based on results from full Geant4
o 1 detector simulations including
ER TS backgrounds
[e]
© e [ — @ Global fit assumes 80 % electron beam
1 L.
[~ 771 Tt polarisation at 1.4 TeV and 3 TeV
7\ ™\ \ N\
(PIHDIBC Wiz lg)
Lo @ CY:) 1 @ Publication “Higgs Physics at the
C] CLIC Electron-Positron Linear Collider”
d | anXivI608.07538
09 O much more accurate than HL-LHC @ |
similar accuracy as HL-LHC ﬂb
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https://arxiv.org/abs/1608.07538

R Top vtk physics
Top quark physics

[Ue wHe e
SHe ce
e Ae

e

neutrinos

i

TeV

GeV

MeV

keV

meV

@ Top quark is heaviest known elementary particle

@ Largest coupling to Higgs — key to

understanding of electroweak symmetry breaking

@ The only quark that decays before hadronisation

@ Contributes via loops to processes that can be
studied with high precision
— Sensitive to many BSM scenarios

efe™ — tt — 6 jets

CLIC Physics and Detectors




R Top vtk physics
Top threshold scan

@ Top pair production cross section around threshold
o Resonance-like structure corresponding to narrow tt bound state
o Very sensitive to top properties and model parameters
o Measurement not possible at hadron colliders

14— T | ]
o r tt threshold - 1S mass 174 GeV 1
_5 1.2~ ----- TOPPIK NNLO -
5 f h
8 1 7
@ T B 1
8osl o SO .
G | i ]
r mem ]
04f .

r ] @ Top quark mass my
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Top threshold scan

@ Top pair production cross section around threshold

o Resonance-like structure corresponding to narrow tt bound state
o Very sensitive to top properties and model parameters
o Measurement not possible at hadron colliders
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@ Top quark mass my

@ Top quark width I’

@ Strong coupling o

@ Top Yukawa coupling Y; ﬂb
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Top quark physics
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@ Precision top mass measurement possible already with 100 fb—!
@ Energy scan with 10 cross-section measurements of each 10fb~!
@ Total uncertainty on the top mass of 50 MeV feasible
— Significantly better than at HL-LHC ﬂb
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2530-7

R Top vtk physics
Top quark physics

2 HL-LHC, s = 14 TeV, L = 3000 fb™

T . Phys.Rev.D71 (2005) 054013

% 1= Phys.Rev.D73 (2006) 034016 .

EE sy L st @ Above threshold, top quark pairs are
[ W cuic, f5=380 Gev, L =500 b produced via Z boson or y exchange

PRELIMINARY

CLIC, 15 = 380 GeV, L =500 10 (0, ...~ 3%) @ Contributions of Z and y depend on the

beam and top-quark polarisation

@ Use polarised e~ beams

@ Measure forward-backward asymmetry
of top quarks

@ Extract top-quark coupling to
v and Z (form factors)

@ Already inital stage of boh CLIC and
ILC significantly better than HL-LHC

reach
@
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Searches for physics beyond the standard model (BSM)

— Higgs
—  Aé
’ ’ —— charginos
¢ squarks
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Model 1 Model 2 Model 3
@ Squarks @ Smuons, @ Smuons,
@ Heavy Higgs selectrons selectrons
@ Gauginos @ Stau
@ Gauginos

@ Wide range of mass, spin and quantum numbers tested for CLIC

@ Studied in full Geant4 detector simulations including beam induced
backgrounds Q!b
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Example: Chargino and Neutralino pair production

— 1607117
%.) C 1%%° — hh
QO 1401 22
T r : @ Reconstructed W, Z and h
S£!120 candidates in hadronic
: decays
1001 ' @ Four jets and missing energy
80 = o Combine W, Z and h
5" s . candidates from same events
60F . . —hZ @ Peaks for individual chargino
xl. ¥ RO and neutralino decays are
P — 0 visible
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@ Statistical precision achievable at CLIC in the sub-percent and
percent region in studied models &
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Example: Smuons
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@ Slepton production very

clean at CLIC

Slepton masses
approximately 1 TeV

Example:

ete™ =11 — F177%°

Events with leptons and
missing energy

Extract slepton masses from
endpoints of lepton energy
spectra

o Statistical precision of few GeV achievable at CLIC
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2013 - 2019 Development Phase

Development of a Project Plan for a
staged CLIC implementation in line with
LHC results; technical developments with
industry, performance studies for
accelerator parts and systems, detector
technology demonstrators

2019 - 2020 Decisions

Update of the European Strategy for
Particle Physics; decision towards a next
CERN project at the energy frontier
(e.g. CLIC, FCC)

2020 - 2025 Preparation Phase

Finalisation of implementation
parameters, preparation for industrial
procurement, Drive Beam Facility and
other system verifications, Technical
Proposal of the experiment, site
authorisation

2025 Construction Start

Ready for construction;
start of excavations

e ————
Q Compact Linear Collider

2026 - 2034 Construction Phase

Construction of the first CLIC
accelerator stage compatible with
implementation of further stages;
construction of the experiment;
hardware commissioning

1l

2035 First Beams

Getting ready for data taking by
the time the LHC programme
reaches completion
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CLIC conceptual design report

@ 3 volumes CLIC conceptual design report
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New CLIC publications

@ Published mid-August 2016

o Updated baseline for a staged Compact Linear Collider (¥icoaorssr)
o CLIC Higgs paper

=t

'CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

\UPDATED BASELINE FOR A STAGED
COMPACT LINEAR COLLIDER
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https://arxiv.org/abs/1608.07537
https://arxiv.org/abs/1608.07538

Summary

@ CLIC is a very interesting option for the post-HL-LHC phase

@ Rich field of R&D on accelerator, detectors and physics

@ Physics benchmark studies show excellent physics potential of CLIC
including precision measurements and a large discovery potential

Particip.

3

ants of the CLIC workshop in January 2016
v T y. A Y

oW,

@ Find more information on @
http://clicdp.web.cern.ch/ and http://clic-study.web.cern.ch/
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Reminder: Particle detection (1)

@ Particles make small changes in the material they traverse
@ ionisation, atomic effects, nuclear effect < all very small

@ Particles differ in the way they interact with material
@ We can use it to identify particle types

c?lorimetelrs

tracker EM hadronic muon detector

photon y —
electron e* —ﬁg

muon p*
proton p=/ pion n= =
neutron n @
neutrino v
very light very heavy ﬂb
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Reminder: Particle detection (2)

@ Many of the elementary particles we know have very short life times
o W, Z, Higgs and many more
@ We only see the products of their decay

Quarks hadronise to jets
Secon

7.

dary vertex at r=5 mm: b-quark

@ Identify hadron containing b-quark via
secondary vertex reconstruction AR

@ Cannot observe quarks directly, as
they hadronise into jets of particles
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Future colliders

—s=— CLIC
. —— ILC
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o —e— FCC-ee (2 IPs)
---e--- FCC-ee low B* (2 IPs)

—=— CEPC (2 IPs)
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2-beam acceleration module in CTF3
First 2-beam tests stand reached 145 MV/m

I\




CLIC vs. ILC

Property unit ILC at ILC at CLIC at CLIC at

500 GeV 1TeV | 380GeV 3TeV
L cm™?s7! | 1.8.10* 35.10* | 1.5-10* 5.9.10*
Lo.oy ecm™?s7! | 1.0-10* 1.2.10* | 0.9-10* 2.0-10*
Lo,ol/l_ % 58 59 60 34
Repetition rate Hz 5Hz 4 Hz 50 Hz 50 Hz
Train duration ns 727 us 897 us 178 ns 156 ns
BX / train 1312 2450 356 312
Bunch separation ns 554 ns 366 ns 0.5ns 0.5ns
Duty cycle % 0.36 0.36 0.00089 0.00078
ox/0y nm 474/5.9 481/2.8 ~150/3 ~40/1
c; um 300 250 70 44
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Yearly energy consumption

@ " Tos8Tev
o S °
> -
> i
o L
< 2r :
; B .
E E | CERN energy
> i 1 consumption 2015
o 1—J_|47 ]
q) -
c i
L N
0_""" i IR B B
0 5 10 15 20

Year

@ Including reduced operation in the first years at each energy
@ At 380 GeV, a single positron target is used for the first three years
(-10 MW with respect to nominal)

(Note — 380 GeV numbers scaled from CDR design at 500 GeV ﬂb
— To be repeated with detailed tech. description of 380 GeV CLIC)
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Reconstruction information for cell size optimisation

Pandora Preliminary Pandora Preliminary
5
T T T T T T
[ —e—45GeV Jets —e— 100 GeV Jets ] E —e—45GeVJets —e— 100 GeV Jets ]
45E* 180GeVIets  —e= 250 GeV Jets ] 45 o 180GeVlets —e— 250 GeV Jets =

W/

RMSQO(EJ,) / Mean%(Ej) [%]
RMS,(E) / Mean, (E) [%]

! ! 3 sk \ E
5 10 15 20 25 0 50 100

ECal Cell Size [mm] HCal Cell Size [mm]
HCal timing cuts: 100 ns
ECal timing cuts: 100 ns
HCal Hadronic Cell Truncation: Optimised for each detector model
Software: ilcsoft_v01-17-07, including PandoraPFA v02-00-00
Digitiser: ILDCaloDigi, realistic ECal and HCal digitisation options enabled
Calibration: PandoraAnalysis toolkit v01-00-00

More details in (ILCWS2015 tikiby/S! Green)) Q!b

ey . (ELIE Bt e D e e s e B


https://agenda.linearcollider.org/event/6662/session/32/contribution/237/material/slides/0.pdf
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