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Overview

* Introduction:
- The CLIC accelerator

* Physics at CLIC:

- Standard Model physics

- Beyond Standard Model searches
* Implications for the detectors

e R&D for the CLIC vertex detector

« Summary and conclusions
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Introduction
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The CLIC accelerator

CLIC is the only mature option for a future multi-TeV e’e" collider

 Based on 2-beam acceleration scheme
» Operated at room temperature

» Gradient: 100 MV/m
» Staged construction: =350 GeV up to 3 TeV

+ High luminosity (a few 10* cm?s™)

Pl
\é Legend
. === CERN existing LHC

Potential underground siting :

esee CLIC 500 Gev
CLIC 1.5 TeV
eeee CLIC 3 TeV
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2-beam acceleration scheme

Drive beam supplies RF power:
« 12 GHz bunch structure

* Low energy:

2.4 GeV — 240 MeV

* High current: 100 A

Main beam for physics:
* High energy: 9 GeV — 1.5 TeV
* Current: 1.2 A

drive beam
qemﬂng Structure
e

drive beams
electron beams pro dthRprtthm

electron main accelerator electrons posntrons positron main accelerator
main beams
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Comparison to hadron colliders

Hadron colliders: e'e” colliders:
+
c

e e'e” are pointlike

— Initial state well-defined
(energy, polarisation)

— High-precision measurements

* Proton is compound object
— Initial state unknown
— Limits achievable precision

* High-energy circular colliders possible * High energies require linear colliders
* High rates of QCD backgrounds
— Complex triggers

— High levels of radiation

* Clean experimental environment
— Trigger-less readout
— Low radiation levels

* High cross sections for coloured states « Well suited for electroweak states

11/11/2014 Philipp Roloff Physics and detectors at CLIC 6



CLIC strategy and objectives

2013-18 Development Phase

Develop a Project Plan for a
staged implementation in

. agreement with LHC findings;

. further technical developments
. with industry, performance
studies for accelerator parts and
systems, as well as for detectors.

Taen-Baern Tay Sand JTETS
T il s L | T |

i 4-5 year Preparation Phase
Finalise implementation parameters,
i Drive Beam Facility and other system
: verifications, site authorisation and

i preparation for industrial
: procurement.

| Prepare detailed Technical Proposals
for the detector-systems.

. Construction Phase

Stage 1 construction of CLIC, in
. parallel with detector

i construction.

Preparation for implementation
: of further stages.

DL delay kgop

CR  comEdnar rirg I I
Th { i rroyrsi

THS  fa-Benm foopberpian

—— e
= gump drren biim s e ibaralor

OAE el 43 A
e )

o Inpecler TEA
D25 AW, 1.2/

2018-19 Decisions |
On the basis of LHC data |

and Praoject Plans {for CLIC and

other potential projects as FCC),
take decisions about next :

project(s) at the Energy Frontier.

2024-25 Construction Start :
Ready for full construction :
and main tunnel excavation. :

Commissioning
Becoming ready for data-
taking as the LHC |
programme reaches :
completion.
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CLIC energy stages

CLIC would be implemented in stages:

« Optimised running conditions over a wide energy range

» The energy stages are defined by physics (with additional technical considerations)
— The strategy can be adapted to discoveries at the LHC at 13/14 TeV

Example scenario assumed for this talk:

- Stage 1: 350 / 375 GeV, 500 fb™' (under discussion) 350 GeV 1.4 TeV 3 TeV
SM Higgs physics, tt threshold scan ’

Eif 1 g ! 5

=100F P ' HHX '

« Stage 2: 1.4 TeV, 1.5 ab” S | : :

Targeted at BSM physics, — Higgs o 107 : 3

rare Higgs processes and decays zad g 10;5 * ?

L _ O X : ;

- Stage 3: 3 TeV, 2 ab" charginos 5 4| ]
Targeted at BSM physics, , e

rare Higgs processes and decays —SM 107g 17 3

R VT, Vu, Ve 10_2 [ L P ) LA ! ]

(each stage corresponds to 4-5 years) _—— rautralinos 0 1000 200?@ G 2(2/0]0
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Selected CLIC parameters

CLIC at 3 TeV
L (cm?s™) 5.9 - 10* o
Bunch separation 0.5ns 22\(1?r2mg]ngts
#Bunches / train 312
Train duration 156 ns for CLIC detector
Train rep. rate 50 Hz
Crossing angle 20 mrad
Particles / bunch 3.72 - 10° :

Very small beam profile

oo, (nm) =45/ 1 at the interaction point
o_(um) 44

156 ns 20 ms

CLIC: trains at 50 Hz, | train = 312 bunches, 0.5 ns apart
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Beam-related backgrounds

e R  e'e pairs v q
@m * Yy — hadrons
Mm v/Y: q
Beamstrahlung
+ - '_'1010‘_"1 | LY | ULELELLLLL) R =
Coherent e*e’ pairs: Xk — Coherent Pairs
7 - 108 per BX, very forward = 10°¢ — %prfggnetrentlrI;alrs 5
Incoherent e’e” pairs: ® 1065;151 yy — Hadrons ]
3 - 10° per BX, rather forward O 4ﬁ : =
— Detector design issue £ 107 : \LLE
(high occupancies) 0 102k :L : -
Yy — hadrons 1 : :detector::
« “Only” 3.2 events per BX at 3 TeV 10°F : E
« Main background T VR ]
in calorimeters and trackers 0% 10°  10° 10" 1
— Impact on physics 6 [rad]

BX = bunch crossing
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Physics at CLIC

Standard Model physics:

* Higgs boson:
- Single Higgs production
- Other processes at higher energy
- Combined analysis

» top quark mass

Beyond Standard Model searches:
« Supersymmetry
* Indirect measurements

Benchmark studies are based on full detector simulations (Geant4)
and include the pile-up from yy — hadrons interactions!
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Single Higgs production at CLIC

o  F
X< 10° £
T
T ok
o ¢
T 1f
b Higgs-
107 ¢ strahlung
102 N ’ A
0 1000 2000 3000 - H
\s [GeV]
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Single Higgs production at CLIC

~ log(s)
WW Y4
fusion fusion
e e
IS R
1% E
T ]
T 10k _
o nz ) c
v 1F \
b Higgs-
107 HHZ strahlung
10-2 _I ’. A ] ] ] ] ] ] ] ] ] ]
0 1000 2000 3ooo - H
\s [GeV]
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Some numbers

_— T | T T T T | T T T T | T T

50.03 I~ CLIC single Higgs production N

=) — e*e = HZ, Vs = 350 GeV
350GeV 1.4 TeV 3TeV 8§ I ¢ e 0oy

-8 e*e — Hvv, {s = 3.0 TeV

b002

~

Lint 500fb ! 15ab! 2ab’! |

+# ZH events .68 000 0000 000 Z
# Hv.v. events 17000 370000 ¥_830000 I
# Het e events 3700 37000 84 000 0-01 '

0_....I...I..I.
0 50 100 150

« Large samples of Higgs bosons produced at CLIC 6(H) [deg]
» Measurements at high energy benefit from good detectors in the forward region

Polarization Enhancement factor
* Benchmark studies assume Pe™):Plet) ete” —ZH |ete” — Hv e
unpolarised beams -
unpolarized 1.00 1.00
—80% : 0% 1.18 1.80

11/11/2014 Philipp Roloff Physics and detectors at CLIC 14



Higgsstrahlung at 350 GeV (1)

Higgsstrahlung process ) e'e” — ZH — p'p'H

% T T T |
= . —+ Input total
G>) 250 - — Fitted total
L - — Fitted signal
200 - m ---Fitted background -
150 cLic -
s00k 350 GeV |
50 -\ ] E
' ] N
0 . A
100 150 200
|Vlrecoil [GeV]

HZ events can be identified from Z recoil mass
— model independent measurements of the g __ coupling

Ao, )/o,, =4% —NA9,,,)/ 9, =2% fromZ—pyandZ—e'e

HZZ
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Higgsstrahlung at 350 GeV (2)

Higgsstrahlung process _ e'e” — ZH — qgH
~ 200
)
O 180l CLIC ;
3 350GeV;

€160 -

70 80 90 100 110 120 130
mqq/GeV

 Substantial improvement using hadronic Z decays
» Challenge: Z — qq reconstruction may depend on Higgs decay mode
« Even extreme variations of the SM Higgs BRs lead to bias < V% stat. error

Alo) /o =18% —A(g,,.)/9,,,~0.9% from hadronic Z decays
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o X BR measurements at 350 GeV

Measurement Observable Stat. precision

o(HZ) x BR(H — T*_T') 92sz92HTT/ r, 6.2% g
o(HZ) x BR(H — bb) 9° 9%, /T, 1% (estimated) S
o(HZ)xBRH —>cc) ¢ g’ /T, % (estimated) m§
o(HZ) x BR(H — gg) 6% (estimated) £ 2
c(HZ)_x BR(H — WVV_*) 9,9 ! T 2% (estimated) % ‘_é_
o(Hv v )xBR(H—bb) ¢* g° /T, 3% (estimated) < S

In addition: BR(H — inv.) < 0.97% at 90% C.L.
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Measurements using Hv v_events

Large Higgs samples produced

in WW fusion at high energy:

— Precision measurements of 0 x BR
— Access to rarer decay modes

MeasErement Observable Stat. precision (1.4 TeV) Stat. precision (3 TeV) w
o(Hv v ) x BR(H — 1'17) 9 ! T 4.2% tbd g
o(Hv v ) x BR(H — bb) 9 e T, 0.3% 0.2% 2
O(HVV)xBRH—cc) ¢ o /T, 2.9% 2.7% §
o(Hv v ) x BR(H — gg) 1.8% 1.8% T
O(HV.V) X BRH — 1'l) @@/ T 38% 16% 8
o(Hv v ) x BR(H — vy) 15% tbd ;
o(Hv v ) x BR(H — Zy) 42% thd E
o(HvV)xBR(H—ZZ*) @& o° IT, 3% (estimated) 2% (estimated) ?
o(Hvv)x BR(H —» WW*) g* /T 1.4% 0.9% (estimated) <

R
(00]
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Precision measurements

H — bblcclgg:

« Separation of the different hadronic

final states using precise flavour tagging

 H — cc and gg impossible at hadron colliders
* In addition, the Higgs mass can be extracted Moasurement 14 TeV 3 TaV
from the H — bb invariant mass distribution o(Hv v ) x BR(H — bb) £0.3% £0.2%
(x40MeV at 1.4 TeV, £33MeV at 3 TeV) -

o(Hvv)xBR(H—cc) +2.9% #27%
o(Hvv )xBR(H — gg) #1.8% *1.8%

e

[0}

S 14000F T T 3
[ :|:| H — bb signal - [ 1lf‘1lhb‘k|d P [ 1;"I.‘h\.'j'.HB‘k‘l'd"\‘“f
O 12000 F[] SMbackground | ] CDR 3 € | - lightjets: no background S | ightps nobackgound A
=t r . o — cHets: with background o) . —bjets: with background =+
10000 F - S " - cHets: no background S | - bgets: no background >
P : 5 10T F i &
£ 8000F i g CDR = E
Q ]
5 6000} E CDR |
2 ] 1
4000 . et ; ]
2000 |- : - 3 TeV | 3TeV -
{]' in on a0 onon | 0 o d ] ]_0_3—i"‘\....i..H\.‘..l...m”..f— R
0 E‘U 100 150 200 04 05 06 07 08 09 1 06 08 1
bb invariant mass (GeV) b-tag efficiency c-tag efficiency
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o(Hv v ) x BR(H — p"p):

* Very small BR (= 0.022%)
* Requires precision tracking
* A(0 x BR) =38%(16%) at 1.4(3) TeV

o
o

\J

Events/ 0.5 GeV
3

P
o

M
o

O-(Hveve)XBR(H _)VY): l:1}‘{)5 110 115 120 125 130 135

o BR(H_)VV) ~ (0.23% Di-muon invariant mass [GeV]
A0 X BR) = 15% at 1.4 TV~

o(Hv v ) x BR(H — Zy):
 BR(H—Zy) = 0.16%
« Hadronic Z decays usable

(in contrast to hadron colliders)
* A(0 x BR) =42% at 1.4 TeV

Events /1.5 ab™
S o o o
N w N ;]

-
o

—
Q

-1 -0.5 0 0.5
BDT (Adaptive Boost)
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Other processes at higher energy

. ttH production:
*H maximum at
around 800 GeV

e t
o) 3
X< 10° F E
T -
1\ 10 ¢ E
) -
+
o i
T 1f 3
10" 3 E
102 K ’ N A B B
0 1000 2000 3000
\s [GeV]
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Other processes at higher energy

. ttH production:
*H maximum at
around 800 GeV

e t
T F -
%102 3 Double Higgs production:
! I requires high energy
10 F
+$ e’ Ve
T 1f
107 ¢ -7 f
102 :| ’ A ~ H
0 1000 2000 3000
\s [GeV] o v,
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The ttH final state at 1.4 TeV

— The ttH cross 2 f
section is directly X 10
sensitive to the top M ol
Yukawa coupling g, @ ¢
_ T 1
e t :
107 ¢
107 o 5000 5000
Investigated final states:

\s [GeV]

‘6 jets”: t(—>qu)t(—>lv_2H(—>bbl
“8 jets”: t(—qqgb)t(—qqb)H(—Dbb)
— Four b-quarks in the final state

Eventsin 1.5ab™”
3

=

(@]
- -
T T

Combination of both final states:

Ao(ttH) / o(ttH) = 8.4% 0 S
AgttH / gttH =4.5% 10:4:— 2

-1 08060402 O 02040608 1
BDT response
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Double Higgs production at high energy

g
) H _ H <102k
-@ - L ¢
. ~ | _
~ H ~ H 'q) 10§
+&), B
5 ¢
e Ve e Ve I
10'15—
» The HHv v_cross section is 102 L L AN
¢ e 0 1000 2000 3000

sensitive to the Higgs self coupling, A, and s [GeV]
the quartic HHWW coupling

» Only 225 (1200) e’e” — HHv v_events at 1.4 (3) TeV
— high energy and luminosity crucial

Measurement 1.4 TeV 3 TeV

A9, ) 7% (preliminary) 3% (preliminary)
A(N) 32% 16%

A(\) for P(e") = -80% 24%
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CLIC Higgs studies

Statistical precision

Channel Measurement Observable 350GeV  14TeV 3.0TeV
500fb~! 1.5ab"! 2.0ab”!
ZH Recoil mass distribution my 120 MeV — —
ZH o(HZ) x BR(H — invisible) Ty 0.6% — —
ZH H — bb mass distribution my tbd — —
Hv,v, H — bb mass distribution my — 40 MeV* 33 MeV*
ZH o(HZ) x BR(Z — £147) Sz 4.2% - -
ZH o(HZ) x BR(Z — qq) . 1.8% - -
ZH o(HZ) x BR(H — bb) 8hzz8%0/TH 1%" - -
ZH o(HZ) x BR(H — ct) 8s78%../TH 5%" — —
ZH o(HZ) x BR(H — gg) 6% — —
ZH o(HZ) x BR(H — 1717) 87785 /Th 6.2% - -
ZH o(HZ) x BR(H — WW*) S 8hww/Tn 2% — —
ZH o(HZ) x BR(H — ZZ*) 84778%477/TH tbd — —
Hv,Ve o (Hv,Ve) x BR(H — bb) Shww&ms/TH 39%" 0.3% 0.2%
Hv,ve  o(Hv,V.) x BR(H — ct) Shww&hice/TH — 2.9% 2.7%
Hv,V. o (Hv,Ve) x BR(H — gg) — 1.8% 1.8%
HvpVe o(HVVe) x BRH—1t"1")  ghww&i./TH — 4.2% tbd
Hv,V. o(HvV%) x BRH = u'u™)  ghww8h,/TH — 38% 16%
Hv, v, o (Hv,Ve) x BR(H — vy) - 15% tbd
Hv,Ve o (Hv,Ve) X BR(H — Zy) — 42% tbd
Hv,Ve o(HvVe) x BRH - WW*)  gfww/TH tbd 1.4% 0.9%"
Hv,Ve O'(Hv Ve) X BRH—ZZ*)  ghww8&hzz/TH — 3%* 2%
Hete~ o(Hete )xBR(H—bb) gl 8%,/ — 1%* 0.7%"
ttH o(ttH) x BR(H — bb) i/ TH — 8% tbd
HHv,V. o (HHv V) SHHWW — 7%* 3%* .. ..
HHvv. o(HHvv.) A - 32% 16% : preliminary
HHv,ve with —80% e~ polarization A4 — 24% 12% T- estimated
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Putting it all together

>
= T Parameter Measurement precision =
w CLIC preliminary o 350 GeV ™
e 44L model independent O 114 TeV 350GeV. +14TeV  +3.0TeV T
o o +3TeV 500fb~! +1.5ab~' +2.0ab”" S
= <
© B gHz7 - 0.8 % 0.8 % -
o SHWW 1.8 % 0.9 % 0.9 % =
Y i gHbb 20%  1.0% 0.9 % c
a | gHee 3.2% 1.4 % 1.1% 0
3 SHre 3.7 % 1.7 % 1.5% ®
© i SHup - 14.1 % 5.6 % 2
&Htt — 4.1 % < 4.1% £
0.9~ - o
8Mige 3.6 % 1.2 % 1.0 % Q.
oh - 57%  <57% S
Ty 5.0% 3.6 % 3.4 % 9
©
52
=}
0
» Fully model-independent, only possible at a lepton collider

* All results limited by 0.8% from o(HZ) measurement

* The Higgs width is extracted with 5 — 3.5% precision
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Analysis similar to LHC experiments

| ?

= | 0 350GeV Parameter Measurement precision =
D 1050 CLIC preliminary O +1.4TeVv _ ™
oS " model dependent ® :3TeV 350GeV  +14TeV |+3.0TeV -g
0 500 fb~'  +1.5ab~! |+2.0ab"! =
b= | =25% ] I R S R B R P _ <
= Kizz 0.44 % 0.31 % 0.23 % -
> | Ayl j | Kiww 5%  017% | 0.11% -
= | T+ + L4 Kibb 1.7 % 0.37 % 0.22 % c
= T 1 Kee 3.1% 1.1% 0.75 % 2
3 - I | I Kiize 3.7 % 1.5% 1.2 % ?
Iy c |t b W Z |g K - 14.1 % 5.5% =

i KHtt - 40 % S 40 % 3

095 M4 Y Kigg 3.6 % 0.79 % 0.55 % g—
Kiyy - 5.6% <5.6% S

Timd.derived  1.6% 0.32 % 0.22 % ‘g

O

X

. . °

r No invisible d _ Sub-percent precisions ®

" TSM | Timode = Y K7 - BRI — Results strongly dependent
l i on fit assumptions
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Top mass

tt threShOId Scan. EO.B —tithreshc;ldl-1ISmlas;1;4.t|} G;V —

g : — TOPPIK NNLO + CLIC350 LS + ISR ]
* Measurements at 10 different B I simulated data: 10 fb”/point
centre-of-mass energies @ 0.6 |~ ~iopmess 2 200 MY ;
(10 fb™" each), data also useful S |
for Higgs physics 0.4
* Theoretical uncertainty on the 02|
order of 100 MeV when l
transforming the measured 1S N v it
mass to the MS mass scheme 345 350 355

\'s [GeV]

* Precision at the LHC limited

to about 500 MeV A_(m)

A_(a)  0.0009
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Prospects for BSM physics

>%

 Two approaches:

1.) Pair production of new
particles if M < s / 2

— CLIC especially attractive for
electroweak states

— Precision measurement of new particle

masses and couplings

Many examples of SUSY particle production studied for CLIC CDR

2.) Indirect searches through precision observables

— possibility to reach much higher mass scales (tens of TeV)

One of the priorities for future benchmarking studies
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Investigated SUSY models

' | 120 G;V Higgs | | ‘ | 120 G;V Higgs | | it 120 GeV Higgs
% 10 % 10* | % 10 /L’i
£ 100 £ 100 g 100 / P
7‘i§§
107} 107} 107 f I 1
G,’ NV as
10 0 560 10‘00 @l(s‘eogv) 2600 2500 30 10 0 560 1000 VZI(S;;’)SV) 2600 25|00 30 10 0 560 ldOO V/;I(SIGOeOV) ZdOO 2500 3000
CDR Model |, 3 TeV: CDR Model ll, 3 TeV: CDR Model lll, 1.4 TeV:
e Squarks « Smuons, selectrons « Smuons, selectrons
» Heavy Higgs » Gauginos « Staus
Higgs « Gauginos
— FjL.é ]
. charginos Top squarks — Edinburgh
— squarks —
oM Wider applicability than only SUSY: Reconstructed particles can be
classified simply as states of given mass, spin and quantum numbers
— neutralinos
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The simplest case: sleptons at 3 TeV

 Slepton production very clean at CLIC
» Slepton masses = 1 TeV
* Investigated channels include:

+ - ~+ ~— + . —~0z0
€€ — Uglhg = W W %1 %y
ete” — &8z — ete F i)
+ .- Y + . ~wHw-— 0 50 :
ee D VVe—oe e W W ¥ ¥, - muons
2 T e e
E 1 00 LIi?t:S“rB(Dlallta)ka(l\}IC),1 events: 2845
() ME= 1014.29+ 5.57
= My = 341.75+ 6.38, %% ndf 24.5 /45
LIJ 80 | , — ~
i i m(MR) . +£5.6GeV
i ]  Leptons and B )
60:— ] missing energy m(ég) : £2.8GeV
a0k E mv.) : £3.9GeV
N 1 'V('jassets fr?:m m(7)) : +3.0GeV
- . endpoints o =
NSRRI S energy spectra m(y;) : £3.7GeV
0 500 1000 1500 2000
E [GeV]  Precisions of a few GeV achievable

Example: Smuons
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Hadronic final states: gauginos at 3 TeV

Chargino and neutralino pair production:
e'e” = I = LLWW

ete” = %% — hhil %  82%
ete” = 1030 = Zh 070 17%

Reconstruct W*/Z/h in hadronic decays

IlIIll[|III|IIIIIII+III
I
W
o

— four jets and missing energy -20
) U .
ko) cLIC_SiD i Y.
..E —— Al PFOs, no yy — had. e
0800 —— Al PFOs i 40‘ AT f.’“‘:,‘.p, L
i —— Tight selected PFOs |
600 _ 40 60 80 100 120 140 160
: : M. , [GeV]
400 - R . |
200]- / \ : Precision on the measured
e > ] gaugino masses (few hundred GeV):
% 50 100 150 200 1-1.5%

M(W2) [GeV]
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Heavy Higgs bosons at 3 TeV

Heavy Higgs bosons:

e'e > HA — bBbB Qomplex
e — LT s (BT final states
(H, A and H* almost degenerate in mass)

3 3

Ql 1 20 (q\| 1 50 B \:I HA I
~ ~

»n100 n CJww

2 2 M zz -
£ 80 2100 CJusas |7
LLI 60 L] [wwzizzz | -

I
o

N
o O

Ul g =

=

600 800 1000 1200 i400
M(GeV) . M(GeV) .

Accuracy of the heavy Higgs mass measurements: =0.3%
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Summary of the SUSY studies

Vs Process Decay mode SUSY Measured Generator Stat.
(TeV) model  quantity value (GeV) uncertainty
e O~ 7 mass 1010.8 0.6%
- 4 —~0~0
HRHR =7 K ZiX 5{? mass 340.3 1.9%
e O~ 7 mass 1010.8 0.3%
3.0 Sleptons e +e %Y 11
P ®rER T €€ Xik 5{? mass 340.3 1.0%
— ~0~0 4 ¢ mass 1097.2 0.4%
VeVe 7 Xixie e WIW %f mass 643.2 0.6%
1.0 Chargino A, = A IWHWo " %] mass 643.2 1.1%
' Neutralino Aoty — h/Z0h/Z0 % 7Y Xy Mass 643.1 1.5%
3.0 Squarks qrdg — qq%%{? I (g Mass 1123.7 0.52%
. H°AY — bbbb H?/A% mass| 902.4/902.6 0.3%
30 Heavy Higes oy pt : H* mass | 906.3 0.3%
I . ¢ mass 560.8 0.1%
+ +,. —~0=~0
HRHR =7 1 X1K) 56? mass 357.8 0.1%
S o~ 7 mass 558.1 0.1%
1.4 Sleptons +e +o— 7 0%Y I
P °rCR T €€ XiX 5{(1) mass 357.1 0.1%
_ ~0~0 4 st ¢ mass 644.3 2.5%
VeVe 2 X1X 8 Te WIW 7 mass | 487.6 2.7%
14 Stau T =t 1 T, Mass 517 2.0%
14 Chargino T = AW rwWo I X| mass 487 0.2%
' Neutralino Xoxs —h/Z%h/Z0 %07 %5 mass 487 0.1%
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Precision studies of e'e” — u'y

Minimal anomaly-free Z' model:
Charge of the SM fermions

under U(1)' symmetry:

Q =9,(Y)+g, (B-L)

Observables:
* total e'e” — P’y cross section

— 80

. forward-backward-asymmetry - L 4 (5530009 =0659], =0.65 a V5=1400g,=0.65 g =0.65 i

° |eft_r|ght asymmetry = - e 15=3000g =0g! =0.65 o Vs=1400¢’ =0 g, =0.65 -

0 ) ) ] E B m (5=3000¢ =0.659" =0 o Vs=1400 ¢’ =0.65 g’ =0 =

(iSO Yo € pOlarlsatlon) = 60 [~ « (5=3000g =0.659, 065 % (5=1400¢=0.65¢, =0.65

> t 1

3 | 4

If LHC discovers Z' s | |
(e.g. for M =5 TeV): 5 O 7]
Precise measurement of the R - A e -

. . M~ = &_.:__’_———’/——-__—“r .
effective couplings Y —
Otherwise: e - =]

I ] ] L ] ] ] ] ] ] ] ! ] ] ] ] ! | f
Dlscovery reach up to te_ns of TeV 0 55 o ~ o o5
(depending on the couplings) Integrated luminosity [fb]
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Composite Higgs bosons

» Higgs as composite 1.4}
bound state of fermions 0.5]

EWP ::1 .5)(1 0_3

/ LHC Single Higgs

* M. mass of the vector 0.2

resonance of the 0.1, N

composite theory 0.05 _
& I CLIC Double Higgs |

| =0
* & = (v/f)* measures the 0.0 NPT

strengths of the Higgs 0.01)
interactions 0.008

0.002 CLIC Reach

0 2 / 6 3 10
from single Higgs production ~~ Mo!n TeV

CLIC provides an indirect probe of a Higgs composite scale of 70 TeV
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Implications
for the detectors
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Physics aims — detector needs
Vs = 500 GeV

« Momentum resolution
(e.g. Higgs recoil mass, H — p™y,
leptons from BSM processes)

o (pr)

2

Pr

- Jet energy resolution
(e.g. W/Z/h separation)

o(E)
E

* Impact parameter resolution
(b/c tagging, e.g. Higgs couplings)

Arbitrary Units

~2%107° GeV ™'

~3.5—5% for E=1000—50GeV

-
~

o
w

o
—

o
N

—— NO smearing
— 0, /p2=2x10"

— 0, /p2=5x10"

s

ZH—=u X

op /P2=1x10"

——
I LT S
e .
e
|

100

150

(T(do):\/a2+b2-GeV2/(pzsin39),aNS um,b~15um

250
mrecoil [GeV

! L |
200

 Lepton identification, very forward electron tagging
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Physics aims — detector needs

* Momentum resolution

(e.g. Higgs recoil mass, H — u'y, ;é) (\ —o,/m=1%
leptons from BSM processes) > 6| —omm=25% |
O‘(p ) . 1 g — o, /m=10%

L ~2%10 " GeV~ g 0 A k

Pr _ - _

- Jet energy resolution Al _‘
(e.g. W/Z/h separation) ‘ -

o (E) : _ O 80 55 00 Ti0 320
z ~3.5—=5% for E=1000—50GeV Mass [GeV]

* Impact parameter resolution
(b/c tagging, e.g. Higgs couplings)

(T(do):\/a2+b2-GeV2/(pzsin39),aNS um,b~15um

 Lepton identification, very forward electron tagging
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Physics aims — detector needs

 Momentum resolution
(e.g. Higgs recoil mass, H — p™y,
leptons from BSM processes)

o (pr)

2

Pr

- Jet energy resolution
(e.g. W/Z/h separation)

o(E)
E

* Impact parameter resolution
(b/c tagging, e.g. Higgs couplings)

~2%107° GeV ™'

~3.5—=5% for E=1000—50GeV

(r(do):\/a2+b2-GeV2/(pzsin39),aNS um,b~15um

 Lepton identification, very forward electron tagging
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CLIC detector concepts

Instrumented return
yoke for muon 1D

Complex forward region
L with final beam focusing

Strong
solenoids
(4-57T)

3.) Fine grained
(PFA) calorimetry,
1+7.5 A

1.) Ultra low-mass
vertex detector
with = 25 x 25 ym?
pixels — more later

2.) Main trackers:
silicon-based
(large pixels and strips)
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Background suppression

Triggerless readout of full bunch train:

ha t, of physics event

| 1 I
A
L~ tCluster

1.) Identify t of physics event in offline event filter
* Define reconstruction window around t_

« All hits and tracks in this window are passed to the reconstruction
— Physics objects with precise p_and cluster time information

2.) Apply cluster-based timing cuts
» Cuts depend on particle-type, p_ and detector region

— Protects physics objects at high P,

In addition: hadron-collider type jet algorithms (FastJet)
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Time windows and hit resolutions

Used in the reconstruction software for CDR simulations:

Subdetector Reconstruction window  hit resolution
ECAL 10 ns I ns
HCAL Endcaps 10 ns 1 ns
HCAL Barrel 100 ns I ns
Silicon Detectors 10 ns 10/+/12 ns
TPC entire bunch train n/a

» CLIC hardware requirements
* Achievable in the calorimeters with a
sampling every = 25 ns
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Impact of the timing cuts

e'e” — tt at 3 TeV with background from yy — hadrons overlaid

1.2 TeV background 100 GeV background
In the reconstruction after timing cuts
window
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R&D for the
CLIC vertex detector
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Vertex detector requirements

Requirements:

* 3 um single point resolution

— 25 x 25 ym? pixel size with analog readout — = 2x10° pixels
* Material: 0.2% X per layer:

— Very thin materials / sensors

— Low-power design, power pulsing, low-mass cooling, aim: 50 m\W / cm?
* Time stamping precision: =10 ns (to reject backgrounds)

- Radiation level: =10 .. /cm? fyr (10 of LHC)

CLIC_ILD
Vertex & forward tracking

Beryllium beam pipe

Steel beam pipe

11/11/2014 Philipp Roloff Physics and detectors at CLIC 46



Vertex-detector technology R&D

Readout ASICs Sensors Simulations
W TTTLI]] 1 ]
E - - I, T
E r: & § . . ". o] ) .
= 3 iﬁfﬂ#‘-ﬁ.&.’i‘hﬁ&hﬂ;ﬂ 18 ] .
: A "-I' b | I[l: - ""-,!‘Ex‘ql. I|‘~11"E‘r=" ]
. ]

=R =

Light-weight supports Detector integration and assembly

ek ol atas

Examples for recent developments — following slides
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Detector optimisation: flavour tagging

Example: comparison of vertex detector
designs based single- or double-sided layers

Double-sided layers
(3 in barred and forward)

Single-sided layers 1.) Similar performance 2.) The material budget
(5 in barred, 4 forward) for both layouts: has a larger impact than
the geometry: 2 x material
&'j r ' I % 15 ijets at e ; % 1:
> 8l . R AR 5 5
] - <101l - ©
q__ - E leo E =spirals P 3 &
5 : e .
o Of ] 200l : =
e | =7 ~ 2
3 4 | | ‘ e o ac roun' :
< : — CDR : 103 E’Hs, o.u e_s |ras_E
[«D] i ) E spirals ]
g 2__ —— spirals _ ) e
g i —— double_spirals g 11— —o Gt Bk -
<C oLl b v v v 1 2 1W—
0 20 40 60 80 2 o9 3
6 [ % 080506 07 08 09 1 5 6505 o7 05 05 i
© Beauty eff. § Beauty eff.
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Cooling concept

« P =500 W in vertex detectors

- Spiral end-cap geometry: Flavour-tagging

performance for spiral

e ANSYS finite and disk geometries:
element simulation mostly similar
of air-flow cooling
— seems feasible Dijets at 200 GeV
o 1 3 ettt
T =0°C, b n spirals/CDR ]
in 1.2F - -
m__=20gls Dé - T disks 1
flow - i
S 4L better -
M - §
O 7 )
= 1y - = -
qC) B ]
-% 09 - Charm Background _:
S ,gF | spirals o E
' better ~ — =3 ]
0=40°
07 M S B R R R | MR BRI B R R B |

05 06 07 08 09 1
Beauty eff.
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Thin sensor assemblies

* Focus on hybrid concept: thin depleted
sensor + separate readout ASIC

 Ultimate goal: 50 ym sensor on 50 ym ASIC
with 25 ym pitch

Through-Silicon-Vias (TSV):

* Vertical electrical connection — no wire bonds
» Chip/sensor assemblies buttable on all sides
 Large active surfaces — less material

Using the Medipix/Timepix

readout chip family:

» Timepix: DESY test beam 2013,

lab tests CERN, LNLS

* Timepix3: CERN PS test beam 2014 mm
» CLICpix: CCPDv3 (capacitive coupling) in
CERN PS & SPS test beams 2014,

future bump-bonding trials at SLAC Medipix3RX with TSV
(CEA-LETI)
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Timepix test beam

 Thin sensors (50 — 300 pm)
bump-bonded to Timepix chips
(55 x 55 um? pixel size)

N

 Data recorded at DESY:
- 5.6 GeV electron beam
- EUDET telescope

750 um Timepix

st

50 um sensor efficiency:
99.2% at operating threshold

100 um sensor two-hit cluster
resolution: =4.5 um

200 ym sensor depletion
voltage: =30 V

e F R . F > C i
£ soosk work in progress | ves 35000  Constant 2410 + 283 g o ,%'—0—0—0-0'*.‘.
S F o : Mean 1.62e-05 + 3.83¢-05 §  ssp p——
S 099f | 000 g = f
= 099 °® | . Sigma 0.004433 = 0.000035 R
0.9851 o 2500 § r
0.98F * - — “°F
E . 2000F 5 3 - o
0.975F J = ° aof
o r — @ -
0.97F ° 1500 S o 35]
F ® r -9‘ g C
0.9655 1000F- 3 o g
E (] C "91 -8 30:
%, 5001 @ 3
0.955F i - o . work in progress
M ENEEE SEEEE FEEEE FEE R FE R N [N N Cooa by loaad ey il P T R el b b b b P by
380 385 390 395 400 405 410 415 $1:0.080.060.040.02 0 0.020.040.060.08 0.1 T
Threshold (D AC counts) X residual (mm) qure Root of Bias Voltage [sqrt(V)]
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CLICpix ASIC

« Commerical 65 nm CMOS technology

* Demonstrator chip with 64 x 64 pixel matrix

« 25 um pixel pitch

» Simultaneous 4-bit time (TOA)

and 4-bit energy (TOT) measurement per pixel
— front-end time slicing < 10 ns

* Allows for power pulsing: Pavg < 50 mW/cm?

3mm

FPGA Board Chip Board

L ansanne
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CLICpix test beam

Capacitive coupled pixel detector (CCPv3):
* Active sensor with two-stage aplifier in each pixel

 Implemented in AMS H18 180 nm

HV-CMOS process

 Capacitive coupling to CLICpix
bond pads through layer of glue

Data taking:

* In October at PS and SPS

* This week again at SPS

AIDA telescope
Track position (mm)

T
o©
(¥)

© o o o
S N A O ©

corY

- Mean x -0.04429

Entries 373

® | Meany -0.02882
- RMSx  0.4555
RMSy 0.4569

1
0 0.2

ol
0.4 0.6 0.8
Cluster position (mm)

CLICpix + CCPDv3
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Summary
and conclusions
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If you want to know more...

g i R ] L L i i i
CERM pimasrmis Coi sapamoim Fove mi | Lol BESE4B0s

Fy

FHYSICS AR DETRCTOED AT CLIC

CLIC Conceptual Design
Report (CDR) Vol. 2:
Physics and Detectors

0y et B L] ] UL Ly i i
CERP s et e o s i il el L DA BEAT B0

THE CLIC PEEE& A VIVE:

TSRS & ATAGED o v LvE iR L0l Lir-aE
EX FLOMING THE TER S50 4 L

CLIC CDR Vol. 3:
Staged construction,
SUSY at 1.4 TeV, Z'

Physics at the CLIC e'e LiucurCuIIidcrm

Input to the Snowmass process 2003

Snowmass white paper:
Most of the Higgs studies

(mostly at 3 TeV)
arXiv:1209.2543 arXiv:1307.5288
arXiv:1202.5940 (last update: 01/10/2013)
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The CLIC detector and physics study

 Collaboration of 23 institutes from 16 countries
 CERN acts as host laboratory
* More information: http://clicdp.web.cern.ch/
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Summary and conclusions

« CLIC is the only mature option for a multi-TeV
electron-positron collider

 Very active R&D projects for accelerator and physics/detector

* Energy-staging — optimal for physics:

350 — 375 GeV: precision SM Higgs and top physics

1.4 TeV, 3 TeV: targeted at BSM physics (through direct and indirect

measurements), rare Higgs processes

* The energies of the TeV stages will depend on the LHC results

THANK YOU!
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