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chun)) Outline

CLIC - The Compact Linear Collider

* CLIC Environment and Physics

e CLIC Detector Overview

HGCAL — The High Granularity Calorimeter for CMS
* HGCAL Project Overview
* Sensors for the HGCAL

Conclusions & Summary
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chen)) What comes after LHC?

LHC HL-LHC

14 TeV LS3 14 TeV

radiation HL-LHC
damage . =
i installation

13 TeV 13.5-14 TeV

energy

5-7x10**cm?s?
1

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

1.5x10%cm?s* | experiment upgrade 2 x nominal luminosity ia experiment
nominal luminosity - phase 1 - | upgra de phase 2

— 3= 005"
I n

@09

e LHC experiments prepare for HL-LHC challenges:

e Pile-up -
° r !
e Radiation damage adron cO“‘de
e Hope for interesting physics: SUSY? Extended Higgs-sector? ‘_ep\'_on oY

e Regardless of finding: need an option for the post-LHC era!
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# ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
>  Hadoncolider  leploncollider
a . Electrons/Positrons are point-like
9 . Protons are compound objects . / , P o
g . . — Initial state well defined (energy, polarization)
O . — Initial state not known event-by-event g , ,
O o , o . — Recoil mass analyses possible
. — Limits achievable precision g , o
R = . — High-precision measurements
O High rates of QCD backgrounds Cleaner experimental environment
— - Complex triggering schemes > Trigger-less readout
O . — High levels of radiation . — Low radiation levels
L ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-
High-energy circular colliders feasible High-energy requires linear colliders
g
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f High-Energy e"e™ Colliders

e"e”, Vs: 240 — 250 GeV,; SPPC pp, | S
Length: 54 — 100 km oo e"e*, Vs: 90 - 350 GeV; pp, Vs: ~100 TeV

S Circumference: 90 - 100 km

Schematic of an
80 - 100 km
g long tunnel

’
1
"
.

Google earth
C

g #
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— ~F . — existin '
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CLIC 3 TeV

Jura Mountains

o
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e e”, Vs: 240 — 250 GeV; SPPC pp,
Length: 54 — 100 km

Future Circular Collider (  ): CERN
e e’, Vs: 90 - 350 GeV; pp, Vs: ~“100 TeV

Circumference: 90 - 100 km

’
1
x
.

i Schematic of an
v g 80-100km
— ¢ long tunnel
L ]

Google earth
C

International Linear Collider (  ): Japan (Kitakami)
e"et, Vs: 500 GeV (1 TeV)
Length: 31 km (50 km)
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CERN

ompact Linear Collider - e™e"

A F.. ¢ ‘ :
: o , ‘4 Legend
* CLICis a proposed e"e" linear collider at CERN J
. e=mm CERN existing LHC
* Two-beam acceleration scheme (drive /main beams) Potential underground siting :
ssse CLIC 380 GeV
* High accelerating gradient of 100 MV /m CLIC 1.5 TeV
esee (CLIC 3TeV

* About 150’000 room temperature RF cavities

* Allows a 3 TeV collider to be built in only 50 km

(compact)
* Staged construction optimal for physics:

* Successive upgrade steps to higher energies, each

with its own physics program

* Rich physics program over ~ 20 years (with 5-7 years
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o ysics at CLIC - A Staged Program

Each stage corresponds to 5-7 years 1) Vs = 380 GeV (500 + 100 fb™")
FrrrrJrrrrr1r T T * Higgs/Top precision physics

Integrated luminosity
L Total * Top mass threshold scan (350 GeV)

— 1% peak 2) Vs =1.5TeV (1.5 ab)
* Target: Precision SUSY, BSM reach

0.38 TeV 1.5 TeV 3 TeV

* Higgs/Top precision physics

2000 * Rare Higgs decays

* Top Yukawa coupling
3)Vs=3TeV (3.0ab?)
* Target: Precision SUSY, BSM reach

—
o
o
o

Integrated luminosity [fb]

|I'|T|'I|'I|'||I||||||l'|

* Higgs self-coupling

o

* Rare Higgs decays

o

Year

Staging can be adapted to possible LHC discoveries
New CLIC staging baseline in CERN yellow report: CERN-2016-004
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® ysics at CLIC - A Staged Program ﬂb

s-channel thresholds [GeV]:
15t upgrade 2"d ypgrade 3'd upgrade 160 WW. 215 HZ. 340 HHZ

10’ 350 tt, 500 ttH
10° 2 :
Slow rise for t-channel processes:
5 10° ete” — Hwv, Hete , HHw, WWwv
~ 10
. Standard Model
l? 10 *Z, W, H, t production
£ 102 * Understanding, “bookkeeping”
. 10
Most promising physics areas:
1 * Higgs physics
1071 * Top quark physics
102 * BSM physics

Significantly higher precision than
HL-LHC for many observables
More information: arXiv:1608.07538
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céun)) CLIC Accelerator Environment

—10'0p— =
x _ — Coherent Pairs
* Small beam size (GX/CSy = 40/1 nm) at IP leads to very high AL 108E 3TeV __ Incoherent Pairs
Beamstrahlung, even in the absence of a ‘hard’ interaction (~1 hard %‘ ook :;{('(jg palrs B
interaction per bunch train) % = ' _
£ 10%=— O i __I_L:
© = . : =
Coherent e*e” pairs: 7 x 108 per BX, very forward Q. 10°F _—I_ ; -
Trident e*e pairs: 10° per BX, forward 1E i- 4 -
= i etector

Incoherent e*e” pairs: 3 x 10° per BX, rather forward, 102 j_.—'—'_'_l_l_;! -
high occupancy, impact on detector design 10_4; T T P D

vy —» hadrons: 3.2 events per BX at 3 TeV, main 107 10° 10 10™ 1
background in calorimeters and trackers, impact on physics 6 [rad]

» Reduced to manageable level by combined pr and timing

cuts in the sub-detectors

Andreas Alexander Maier —


mailto:andreas.alexander.maier@cern.ch

CERN

o

9 CLIC Accelerator Environment
v L A S P PR A
x _ — Coherent Pairs
* Small beam size (0, /0, = 40/1 nm) at IP leads to very high as 108E 3TeV Incoherent Plairs_:
Beamstrahlung, even in the absence of a ‘hard’ interaction (~1 hard % - :&r{('dﬁe g I‘I(I;%S B
interaction per bunch train) = = -
S 5 -
Coherent e*e pairs: 7 x 108 per BX, very forward 0 i ﬁI—L‘

— —h e

o O O

N BN (0))
TT°T T T T 'T "1l |i
r

L

Trident e*e pairs: 10° per BX, forward : : 1 -
etec¢tor

Incoherent e*e” pairs: 3 x 10° per BX, rather forward, 102 _

high occupancy, impact on detector design Bt RO P SV1 o

vy = hadrons: 3.2 events per BX at 3 TeV, main 10™ 10° 107 10" 1

background in calorimeters and trackers, impact on physics

» Reduced to manageable level by combined pr and timing
cuts in the sub-detectors

CLIC beam structure (not to scale)
20 ms gaps

—

1.2 TeV background in 85 GeV background after
reconstruction time window tight cuts
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céun)) CLIC Accelerator Environment

* Small beam size (0, /0, = 40/1 nm) at IP leads to very high
Beamstrahlung, even in the absence of a ‘hard’ interaction (~1 hard
interaction per bunch train)

m | | | | | | | | I | | | | | _
. 20.02
Coherent e*e pairs: 7 x 108 per BX, very forward - -
Trident e*e pairs: 10° per BX, forward O .
Incoherent e*e pairs: 3 x 10° per BX, rather forward, 0.015
high occupancy, impact on detector design ]
vy —» hadrons: 3.2 events per BX at 3 TeV, main Vs = 3 TeV 1
background in calorimeters and trackers, impact on physics 0 01

energy spectrum
» Reduced to manageable level by combined pr and timing

cuts in the sub-detectors

* Energy losses right at the interaction point

* Most processes are studied well above production threshold and profit 0— A—l——‘—i—ﬂ-——‘-—"—‘“""Jl -

from full luminosity (at 3 TeV: 5.9 x 1034 cm™s7!) 1000 2000 3000
» 1% most energetic collisions 2.0 x 1034 cm™s™! \ S [GEV]

-
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Detector Requirements

g . F —no smearing _
Eﬂ_ £ —
© —0p Ip3=4x107
) - -
| | —ﬂprp_Zr:B:ﬂU ]
40 - -
i smuon |
: end point :
Eﬂ_ _
[}_le.u N N R N R B I B I B T T ._

0 500 1000 1500 2000
p, [GeV]

e Track momentum resolution:

0y /D7 ~ 2% 107 GeV™!

e e.g. leptonic Z decays in ZH events, smuon endpoint

e Jet energy resolution:

OF

— ~35-5%
E

e e.g. hadronic Z decays , W/Z/h di-jet mass separation

e Impact parameter resolution:

3
ory =5®15/(p[GeV]sin2 6) um

e for flavor tagging and vertex reconstruction
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< i ﬂ —O0,/M=1% -
- I —Op/M =2.5% -
2‘ 6_ —o,,,/m=5% -
E : —0,,,/m=10°/o:
o - \ | y
— - '] W-Zjet _
< 4' reco -
2r _
0- el e Ui s o "
60 /70 80 90 100 110 120

Mass [GeV]

e Angular coverage
* Lepton identification in WW fusion events, missing energy
* Background suppression:
* ~10/10/1 ns hit time-stamping in vertex /tracker/calorimeter

* High granularity calorimeter
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crn) Detector Overview @

* The CLIC detector is inspired by the ILC detector designs

* Low mass with separate vertex detector and tracker
= * Fine grained (ECAL and HCAL) using particle flow
oo
N * Enclosed in a 4 T superconducting (Rin = 3.4 m)

* lron return yoke instrumented with muon chambers

* Complex forward region: LumiCal (luminosity monitoring), BeamCal

(extended coverage)
* Power-pulsed operation (switch off between bunch trains)

* Triggerless readout
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chen)) The CLIC Vertex Detector

Extremely low mass, 0.2 % X, per detection layer
e Remove cooling pipes, replace with forced air flow
e Arrangement of the detector into double layers, to allow sharing of support structure

Demanding performance requirements
e Asingle hit resolution of ~3 um for transverse IP resolution 5 @ 15/p[GeV] um
e Fast signal generation and time-stamping into 10 ns slices to reduce background
e Low power consumption of 50 mW / cm? by power pulsing

Current technology baseline hybrid pixel detector

e Pixel size of 25 pm X 25 pm
e ASIC thickness of 50 um \ \ \—\

e sensor thickness of 50 um \\\\\\
B

e

Radiation level 10* lower than at LHC! f ’/;///// _
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ol The CLIC Tracker

e Large tracking volume proposed:
e area of silicon ~100 m?

e Material budget for the tracker is 1-2 % X, per layer
e Mechanical challenge!
e Power budget of < 150 mW / cm? cucdn
e Air cooling not feasible in such a large volume -> water cooling
e Single hit resolution of 7 um in the bending plane
e Momentum resolution of 6, / p;>~ 2 X 10° GeV

e Current technology baseline monolithic CMOS
e Long pixels with maximum size of 30 pm X (1-10) mm
e Sensor thickness of 200 um

~1450

-
.
-
.
-
.
i
.
.
-

Andreas Alexander Maier —


mailto:andreas.alexander.maier@cern.ch

% Particle Flow Calorimeters Q!b

Goal: Jet energy resolution 4-5% (at ATLAS 5% JER for E > 1 TeV)
Classical approach Particle flow approach

e T

Ejer = Eccar ¥ Excal Ejer = Evpack T E, T E;

Typical jet composition: Always use the best info you have:
60% charged particles [> 60% => tracker &% &%
30% photons 30% =>ECAL &%
10% neutrons 10% =>HCAL &

* highly granular calorimeters to resolve deposits from different particles and
* sophisticated software to make correct associations
» joint efforts in linear collider community (CLIC, ILC, FCCee, CALICE, etc.)!
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chen)) e CLIC Calorimeter

* Jet energy resolution drives the overall detector design

* Fine-grained calorimetry + Particle Flow Analysis (PFA)

— 12— 7
&, - CLIC_SID ‘}3

* ECAL - 40 layers of W M 10F = E=100 GeV .
absorbers interleaved with 3 E:— = E=500 GeV §_

Si sensors of 5x5 mm? % [ = E=1500 GeV
(corresponding to 23 Xo) E o 1§

* HCAL - 60 layers of steel %; 4 ;—g B @ g g 2 ¢ & 36 -
absorbers interleaved with %7' o[ -
scintillator tiles of 30x30 mm? c 1:: | | | | :

Steel - HCAL Steel - HCAL oe 04 0o 08 (9)1
» CLICdp contributes to CALICE and FCAL R&D
* have constructed and tested fine-grained SiW ECALs
— ] H * CLICdp now also contributes to the CMS High Granularity ,
S; _ ‘ { \ ’ Calorimeter (HGCAL) upgrade! tvpe

, ”
‘ ,L, /L | Sg_

= I
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CMS HGCAL

Answer to HL-LHC challenges:

* Pile-up: up to n=200
timing information valuable for mitigation

* Radiation exposure: up to 10'® neq/cm?
Si will studied and under control for high fluences

» Replace entire endcap calorimeter, with a radiation-hard,
fast timing, High Granularity Calorimeter (HGCAL)

1MeV neutron equivalent in Silicon, 3000fb™
i ' _—_— 1e+17

250

1e+16
200 I
IEI 1e+15 E
.2.150 _ 8
o c
100 1e+14§
LL

50 1e+13

1e+12

0-55(.') -500 -40 -400 -350 -300
Z [cm] CMS FLUKA geometry v.3.7.2.0
Project details:
« HGCAL for particle flow has been intensively
studied by CALICE
 Active developmentin
e TDAQ, electronics architecture

* Particle flow and physics performance

e TDR by end of 2017
Technical proposal: https://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf
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g The HGCAL Layout

Active elements:
e Hexagonal Si sensor modules consisting of

several 100 hexagonal sensor cells éw
e (Cassettes”: multiple modules mounted on g/*f — \
cooling plates with electronics and absorber / ,
e Scintillating tiles with SiPM readout in lowradiation regions =1 »
t VN §
Key parameters: 7. mm e
* 600 m? of silicon 4 BH§E :
e hexagonal shape saves space on wafer § \
e Power at end of life ¥60 kW per endcap ’§§ 2 \ FH EE
e 25% due to leakage current -1 \
e CO,-cooled operation at -30°C ' N
Main components: In] =3.0
e EE-Si, Cu& CuW & Pb absorbers: 28 layers: 25 Xo + ~1.3 A ) Beam direction "
e FH-Si & scintillator, steel absorbers: 12 layers: ~¥3.5 A
e BH-Si & scintillator, steel absorbers: 11 layers: ~5.5 A s Fromt Hadronie Calorimeter
BH: Back Hadronic Calorimeter
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& The HGCAL Design

R e R R e S A A i S i R At Dl detihhd i it ddd

owspammay | = Niweoo
Mlp_e_ 4 N type 800V

sEEmEEEN HINEEENEE NN TN EEEIEEmEN

N
8))

Signal, Ke

N
o

218ium ntype | .
. b e ~ Unirradiated sensors

., ...... ......é......g,....;....;.................-..-p.-zee-.-.-.99.!-{9.-.-..-.-.-.!.-.-.99.-.-.95.-.-.9.-.-.!9.-.19?..........5 ........ ...... .‘, ..................
210iump-type ¢ b i b oD for comparison

/

-
O,

. . . . -
. . . . . . .
. . . . . . . - . .
. . . . . . . - . .
. . . . . . . . . .
. . - . . - . - . .
. . 2 N . - - . . . . .
. . \, ¢ . . . . - . . .
........................ - B B I
. . - . - . - » .
. . . . . . . . . .
. . . . . . -
. . o N\ - . . . .
. . o N . . . . .
. . . N, * . . . -
. . . . . . . .
. . . - .

Full HGCAL cut in x-y plane Fluence, B

e Thinner Si sensors for high fluence regions - better signal at high fluence
e high-nregion: sensors with 120 um active thickness
e J|ower-nregions: 200 um & 200 um active thickness

e Smaller cell size in central region = less occupancy, less noise
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g Single diode Tests

s s ' — Sipad1+Sipad2 vs MCP e 50 GeV 4 X
B | dd-FZ 120P (133 um) ~ continuous line I — = -
I ' ........ __________,__._m-i‘" ..................................................... % — G(tmean'tref)= _2_6; ®C
| e "7'; : —e— Si133 um: A=1.08+0.02,C=0.020+:0.001
unirradiated S T " Epi 100P (96 um) — dashed line g ES— ] moA=10S0 0 e00en 001
A O HPK = (RN S EANU ——e—— Si285 um: A=1.09+0.02,C=0.021:0.001 ...
(b] m I T .+-nn+, ------------- : : [
< AHi N
C_J o I A rii A IR i e .. 10 1 i
- |
= _. B
) 4_ q A L
2 L “‘:ﬂ ....................................................................................................................................................................................................... E Time-resolved showers help
. . . . . . 107
0 > | | | | | | | | | | | | | | i
0 200 400 600 800 1000 B | | ] | | 1 | l | | | | | | I I
Voltage, V 1 10 10°
SIN,,
Measured properties: First irradiation results:
e Bulk current - power consumption, noise e Good signal at 1x1016 neg/cm2 within voltage range!
e (Capacitance e Single MIP signal is resolvable from noise
e CCE with laser signal e Intrinsic timing resolution of
. . CCE: Charge Collection Efficiency
e MIP studies with beta source e <50psforS/N>10 V- Minimum lonizing Particle
e Timing performance (test beam) e ~20psforS>20 MIPs ggif;g:;gdiffusion Float Zone
e Effects of annealing HPK: Hamamatsu
MCP: Microchannel Plate Detector
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Sensors for HGCAL

I
o
=
S

135 c

%

',

@
v

Guard ring

@
¢
@
@
@
v

12.5cm

Jumper

Detector optimization ongoing:
e Wafer size (6” or 8”)

3

-t

8,
o

-t

‘*

\

for HV protection

ER
G 0020

&

Calibration cell

X O a"o‘}:!:s‘}t:$:‘;‘o‘t
ShEThmIn AR
sraThen DR |

HPK 8” 239 cells

182 183 184 185 186 187

1 192 193 194 185

208
205 206 207 239 209 210 211 212 213 214

196 197 198 199 200 201

215 216 217 218 219 220 221 222 223 224
225 226 227 228 229 230 231

232 233 234 235

e Contact pad layout for wire bonding (e.g. jumper cells)

e Sensor type (n-in-p or p-in-n)

e Interpad distance
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IFX 8”7 237 cells
JSUPN.

e

188 189 190 191 192 193 194 195 196 197 198 199 200 201

202 203 204 205 206 207 208 209 210 211 212 213 214
215 216 217 218 219 220 221 222 223 224
225 226 227 228 229 230 2
232 233 234 235

Ongoing activities:
e (Automated) sensor tests
e Design studies for TDR

 p-stop layout validation
e Radiation testing

HPK: Hamamatsu
IFX: Infineon
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i) Stations Measurements

Probe needle measurements Probe card approach
v Very flexible v Contact all cells with spring-loaded pins
X Needle placement is time consuming v Alignment and contact done once for full sensor
X Need to bias also six neighbours cells for v All neighbor cells biased (realistic test conditions)
reliable measurement v Automatic switching between cells (switching unit)
X One probe card each per sensor layout

Andreas Alexander Maier —


mailto:andreas.alexander.maier@cern.ch

W The Probe- and Switch Carad

10k

—— )

Switch card

e Rprot 10k

Scell Pogo pins

Q
o
g
=
|

Sgnl:l

Probe card < >

6” =15cm
Simplified schematics for current @
measurement
e Testupto512 channels e Newly designed switching matrix placed as a
e Uniform contact through spring-loaded pins plugin card
(pogo pins) e Firmware is finalized, integration in DAQ,
e Low parasitic capacitances and leakage current framework ongoing
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i) Full Wafer Measurements

720
Leakage current Capacitance Depletion voltage
Lower leakage currents
Higher leakage currents in the calibration cells Smaller cells show lower Higher depletion voltage in
in the edge region P % Capacitance X E the wafer center —EOE
7y R A "s
o 86" ’ 1 v
o »@ @ T
. L 18@ 4
) o e o e |
LT L g (L L ¢
3 ““ 131,4.‘ 190.2 1935 193.3 1935 1951 193.7 1 “
““ 13’“ 191.2 1945 1932 1946 1937 193.0 “'1.2
2 L L LI 8888 B~
e es Nesoc-coce”
= 1 ““ a ‘ﬁ :s? 160
S 99 -5 2
es 00 0 150
e Detector conditions: all cells biased by probe card . cet up
e Excellent performance of the tested wafers boratO VA T
. gRN 12 sting:
e Behavior as expected for IV and CV measurements C dy for te
e No breakdown until 1000 V bias voltage observed among all tested sensors and red
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chen)) Modules for HGCAL

2" PCB

1st PCH

2"d PCB holds readout chips
§

Sensor

CuW baseplate

st p
CB A
olds Wire bop
ds

e Two PCB design chosen for 2016 for beam tests
e different chips can easily be mounted
e ~700 deep wire bonds on 6” module

e New SKIROC2-CMS hexaboard is on a single PCB
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chen)) 2016 Beam Tests

beam tests carries
two modules!

Readout Chip Shielding Airgap

AP
= BN
e <3N
R y &
oY\ =
S AN\ 3 d
e Riedh i\ N
<8 \ R
@ P 4 L ; )
g

Printed Si Sensors
(Cu/W) Baseplate

Circuit Beoard Cooling pipe
CO2 cooling (not used Copper
for beam tests) Toraelon
CuW _
Si + PCB
Cassettes
e One ore two modules mounted e (Can be easily stacked and removed from frame
e On absorber plates with electronics and e Mechanics as well as DAQ is designed scalable
cooling
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g Test Beam Setup

o
8

FNAL CERN w- 0.6X0 - 15X0 (FNAL)

e Upto 16 HGCAL modules e Upto 8 HGCAL modules tested . 3°:: E§§§§
tested e 1/uat125GeV £ b + + SRR

e e-beam at4-32 GeV e e-beam at 20-250 GeV ? o : § SR

* Protonsat 120 GeV e 6-15X0and 5-27 X, absorber Vowe § Pt s

e 0.6-15 X, absorber configurations 3 5 HERE R, “ Pog :
configuration D Dep:*'i,[x:] e

An electron shower passing through 8 layers (27 Xo)

250 GeV e-

i 3y
X[ﬁn]z-‘. )([3'f1!24G

19% 21X 27%o
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chrn)) Test Beam Results

CMS Preliminary  HGCAL test beam, July 2016 0.3 prrrr T

30000
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Results
e Energyresponse is linear
e Shower profile and energy resolution agree well with simulation \a
e dE/dx weighting improves energy resolution by ~20% am tes\s P
s of b€

Andreas Alexander Maier —


mailto:andreas.alexander.maier@cern.ch

sl Conclusions and Summary

The CLIC project
e CLICis the proposal for a multi-TeV e+e- collider at CERN
e Powerful tool to address the open questions in particle physics
e Affordable first stage at 380 GeV, upgradable to 3 TeV
e Well-established and flexible physics (potential LHC/ HL-LHC discoveries)
e Feasibility demonstrated through extensive simulation and prototyping,
accelerator and detector R&D

More information:
CLIC detector and physics: https://clicdp.web.cern.ch
CLIC accelerator: http://clic-study.web.cern.ch

The HGCAL project

e Good progress on the way to a full HGCAL

e Series of beam tests to understand and demonstrate detector performance
e Sensor testing ongoing

e Potential timing precision of < 50 ps

e Main design decisions in the coming months leading to TDR end of 2017

More information in Technical Proposal: https://cds.cern.ch/record/2020886/files/LHCC-P-008.pdf
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EP-LCD Group, CERN
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CEA Saclay Seminar, 13t of March 2017



® CLICdp Collaboration

CLICdp Collaboration: |
_ . CLIC detector and physics study (CLICdp):
150 members from 28 institutes . . .
* Physics prospects and simulation studies

hTTp://CliCd p.web.cern.ch * Detector optimization and R&D for CLIC detector

* Series of reports planned for the European Strategy for
Particle Physics around 2020
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CEQW
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e*e” collisions are very clean!

2
8
=
!
-
|
2
%

> 100 million events per
“interesting event”!

from discovery to precision

--------- 10 ttH
1 HHv_v, ——
10~ HHZ
at LHC much of the interesting physics needs to 1077 T 000 2000 3000
be found among a huge number of collisions /s [GeV]
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Model-independent global fits

arXiv:1608.07538

=
g CLICdp o 350 GeV
= 1.2~ model independent o +1.4 TeV
E e +3TeV
g |
o
c) |
=
o
>
o
o
c t b W Z g ¢
G,
m Zg| H
0.8 —
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Note the

coupling relative to SM

different scales

<

>

1.1

Model-dependent global fits

CLICdp
model dependent

o 350 GeV
O+ 1.4 TeV
e +3TeV

Constraining “LHC-style” fits assuming
no invisible Higgs decays (model-dep.)

Accuracy on Higgs couplings:
* Ml: downto ~1 %

S
g Absolute MI couplings measurable from ZH
(E) recoil analysis!
5:] % * MD: ~0.1-1 %
g3
3
E S 0 Accuracy on Higgs boson width:
28 I e ~3.6 % (M)
S = I
;.C_L:? o O * ~0.2 % (MD, derived)
e
=R
O Accuracy on Higgs mass:

* 24 MeV precision (HL-LHC: ~50 MeV per

experiment)


mailto:andreas.alexander.maier@cern.ch
https://arxiv.org/abs/1608.07538

cal Top Physics at CLIC

B [ S ———— PR — — : : : — : —
: ﬁ.. : tt threshold - 1S mass 174 GeV l : EE.E - |-|:|-|-|,|-|-||:|.||i|l. 1% mans 174,00 Ga'v | —
c S 1.2 - TOPPIK NNLO = § | — TOPPIKNMLD 4 CLCISOLE +IER '

=+ - e | I smulaies data: 10 & Ypoint )
O §> i ¢ Yt Qs = F 0.6 |- —— oo mass = 200 MeV E
U Top mass measurements (run at 350 GeV with 100 fb?) é . E | P

‘c O o ]

~— * Threshold scan (analogous to the LEP2 WW mass scan) - I __ rrf"‘ ]
O * Shape (position, slope) depends strongly on mass and width 04} Smearing from luminosity - f Seidel, Simon, Tesar, |

Q ! E spectra and ISR ar Poss, EPJ C73 (2013) ]
8 * Normalisation sensitive to as and top Yukawa coupling <t e ]

. L - —
— 345 350 \?_5?6 . ¢ 345 350 3L
< s [GeV]

4+ s [GeV]
a * Extraction of the theoretically well-defined 1S top mass with a statistical precision of S
(@ about 20 MeV - .

0.120 |- B -
E * Main theoretical uncertainties: i 1

f * The uncertainty in the NNNLO description of the threshold shape 0118l eV;0.1179] |
@ * The conversion of the threshold mass to the MS-bar scheme i
g * A total uncertainty on the top quark mass of about 50 MeV seems feasible 0116 - )

Q. » Beyond the capabilities of HL-LHC e
! I ! ! ! ! | L ! ! ! I ! !
IS 173.95 174.00 174.05

top mass [GeV]
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), BSM Physics

Indirect searches

=.10° {t H+X
— DU~ — — Higgs
o 102 ‘ — T Indirect searches through precision observables
= 1 1
8 — charginos * BSM discovery potential beyond the center-of-mass
3 10 k = - — | — squarks energy of the collider
8 ;'-',_= — ] — SMt * For example Z' model and Higgs compositeness
G 1 l! (’ {,‘ TN models can be probed up to scales of tens of TeV
| /‘,l‘ — neutralinos
10"F | S .
sparticles in SUSY example (not
excluded b results .
- . ;ﬂ n" e Direct searches
0 1000 2000 3000
/s [GeV] Direct production of new particles
* Possible up to the kinematic limit (\/5/2
* Clean collision environment is suited to study non-colored TeV-scale particles such as e.g. for pair production)

sleptons, gauginos, and neutralinos * Precision measurements of new particle

* These might be hidden in the large QCD backgrounds at the LHC masses and couplings

* In general always able to measure the mass and production cross-sections to order of 1% * Complements the HL-LHC program to
measure heavy SUSY partners
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Eail - Two Beam Acceleration Scheme

Drive beam side

Quadrupole

* Drive beam accelerated to a few GeV using conventional klystrons
* Frequency increased using a series of delay loops and combiner rings

* Drive beam decelerated through a series of Power Extraction and Transfer
Structures (PETS) which decelerate the dense beam and extract its kinetic
energy

* This energy is fed via an RF field in a waveguide to a second beam, which
is much less intense. Since there are far fewer particles in this ‘main beam’,
each one is accelerated to higher energy (from @ GeV to 1.5 TeV)

Main beam side

Drive beams

The electron drive beams supplies RF power

* Concept demonstrated at a dedicated
test facility at CERN (incl. step-up in m Detector m
frequenc)’ Of the drive beCIm, powel’ \ﬁ_-_a/I_JH

beam in excess of the required 100 . Electrons ~ Positrons

MV /m) Main beams

The beam of electrons is set to collide with the beam of positrons after acceleration

extraction, and acceleration of main
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How much will CLIC cost?

* 1% stage of the ~50% more than the cost for the LHC: ~6700 MCHF (mostly
excavation and two-beam modules)

* Detector like ATLAS or CMS: ~500 MCHF (mostly calorimeters,

superconducting coil, return yoke)

How much power will CLIC use?

* Low power consumption in stand-by or “waiting-for-beam” mode compared to superconducting technology.

* A preliminary analysis of the overall CLIC energy consumption per year:
* 1% stage ~ LHC consumption
e 2"d stage ~ total CERN consumption

» Work on-going for further reduction!
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CLIC Cost and Power

CLIC_ILD CLIC_SiD g
(MCHF) (MCHF) L
N
Vertex 13 15 S
Tracker 51 17 -
Electromagnetic calorimeter 197 59 E
Hadronic calorimeter 144 86 5
Muon system 28 22
Coil and yoke 117 123
Other 11 12
Total (rounded) 560 360
Vs |:’nf.':minal Pwaiting for beam I:’stop
(TeV) (MW) (MW) (MW)
0.38 252 168 30
1.5 364 190 42
3 589 268 50
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w C and CLIC Accelerator Parameters @

ILC ILC CLIC CLIC
at 500 GeV at1lTeV at 380 GeV at 3 TeV

L (cm2s1) 1.8x1034 3.5x1034 1.5x1034 5.9x1034

Looq (cM2s7l) 1.0x1034 1.2x1034 0.9x1034 2.0x103%4

Looi/L 58% 59% 60% 34%

BX separation 554 ns 366 ns 0.5ns 0.5 ns

#BX / train 1312 2450 356 312 . Parameters of the proposed
Train duration 727 us 897 us 178 ns 156 ns CLIC staging scenario
Repetition rate 5Hz 4 Hz 50 Hz 50 Hz + Can be adapted to changes
Main linac gradient (MV/m) 31.5 38.2 72 100 in the physics landscape (e.g.
Duty cycle 0.36% 0.36% 0.00089% 0.00078% LAC observations)

o,/ o, (nm) 474/5.9 481/2.8 ~150/3 =45 /1 * Power estimates scaled from
o, (um) 300 250 70 44 <R, with room for

improvement
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& CLIC - Timeline

2013 - 2019 Development Phase 2020 - 2025 Preparation Phase
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)

T T T T

Q Compact Linear Collider
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CLIC Pixel Technology

Sensor with nmp]iﬁer

AC-coupled assembly
Bump-bonded assembly
CLICpix first pixel chip in 65 nm technology Promising:
e Collaboration with LHC upgrades e Monolithic chips
Two lines of utilization studied e Silicon On Insulator technology

e Bump bonded to planar sensor
e (Capacitively coupled to active sensor (HV-CMOQOS)
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. CLIC BSM Discovery Reach @

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
* CLIC discovery reach for BSM
Vector boson scattering AFs TeV* 5 Shenomena
U contact scale TeV 60 +  Studied for 2 ab™ at 3 TeV
Higgs composite scale TeV 70 * Depending on the exact
models used, quoted values
Electron size (test of QED extension) m 3.1 x 1020 o
generally extend significantly

beyond the HL-LHC reach

Andreas Alexander Maier —


mailto:andreas.alexander.maier@cern.ch

CERN
\

SLAC-R-985

ANL-HEP-TR-12-51

KEK Report 2012-1 éggiggimgm CERN-2012-005

PSI-12-01 = KEK Report 20122
DESY 12-008

JAL-2012-001 R Begort Z117 MPP-2012-115

CERN-2012-007 i, e 8 August 2012

12 October 2012 Y

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

s i‘. )
\; 2 N N
‘, .‘
. "'r
T
4
» / J .';'\\
- R‘Mjﬁ\ \\‘\
P l;
AR CLlC
THE CLIC PROGRAMME:
+ AN
A MULTI-TEV LINEAR COLLIDER PHYSICS AND DETECTORS AT CLIC TOWARDS A STAGED e"e” LINEAR COLLIDER
BASED ON CLIC TECHNOLOGY CLIC CONCEPTUAL DESIGN REPORT EXPLORING THE TERASCALE

CLIC CONCEPTUAL DESIGN REPORT CLIC CONCEPTUAL DESIGN REPORT

Volume 1 "A multi TeV Linear Collider Volume 2 “Physics and Detectors at CLIC” Volume 3 "The CLIC Programme: towards a staged eTe-
based on CLIC Technology" Linear Collider exploring the Terascale”
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cEan) The HGCAL Schedule

! | | | | | |
2015 | 2016 2017 . 2018 2019 . 2020 . 2021 . 2022 . 2023 | 2024 | 2025
| | | | | |
| | | | | | |
| | | | | | |
: | | | |
HGC AL Engineering and. Sensor Production : : : :
Pre—production | | | |
| On—detector Electronics | | | |
| | | | |
: Mechanics Production : : : :
| | | | |
| | | | |
| | | | |
| | | | |
I | [ | |
| | | '
I I I Endcap Assembly _
| | | .
: : Off—detector electronics : :
| | I I | |
1 . : ) ) | | |
B aCklng Engineering and Megatile Production | | ,
HE Pre—production | !
Absorber Production : Preparation in UXC
|
|

Endcag
' Assembly

SUTUOISSTWIO))
pue uone[eIsul

Electronics and Photo—

|
|
|
|
|
|
|
|
! sensor Production

Conceptual Schedule
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