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On the physics potential of ILC and CLIC -3

Outline
© Colliders

© Experiments
9 Higgs physics
@ Top-quark physics
© BSM physics
@ Conclusions
Focus on selected highlights, for more information refer to:

e ILC inputs to the European Strategy for Particle Physics Update
+ ILD contribution

e CLIC input to the European Strategy for Particle Physics Update

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019 2/
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International Linear Collider

e+ bunch

Damping Rings IR & detectors compressor 'I
i
e- source o
e- bunch e+ source
compressor positron 2km
main linac
—
‘.7-7.5,7»77%77’7"
central region
5km
electron
main linac
11 km
2km
Technical Design (TDR) completed in 2013 arXiv:1306.6328

@ superconducting accelerating cavities

@ 250 — 500 GeV c.m.s. energy (baseline), 1 TeV upgrade possible
e footprint 31 km

e polarisation for both e~ and e* (80%/30%)

September 5, 2019

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC


https://arxiv.org/abs/1306.6328

Colliders o

E-XFEL first X-ray laser flashes in May 2017

All construction issues verified. Full industrialization of cavity production.

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019 5/ 62
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Colliders

International Linear Collider

Most E-XFEL cavities already Cavity design and production
meet ILC requirements optimisation studies still ongoing
1x101
100%
_ . i :
TR B R
80% [Jez 160 e
\_ 50 = ==y
60% g ¥ o
E 40 2 %
40% a0 [ Goal XFEL:
% [P 23.6A:V/m e
20% G210, Eusavie > 31.5 MV/m
10 Qo=1-10°
ool (NS
"o . 0 i %" b 0 10 20 30 " 50
Usable gradient (MV/m) E,K [MV/m]

arXiv:1903.01629
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Colliders -

ILC-250

The discovery of a Higgs Boson with a mass of 125 GeV opened the

possibility of reducing ILC cost by starting at a centre-of-mass energy of

250 GeV with the possibility of future upgrades to 500 GeV or even 1 TeV.
arXiv:1711.00568

“Higgs-factory” layout 250 GeV optimal for Higgs production
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International Linear Collider

Baseline running scenario for staged ILC construction
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Total integrated luminosities same as in original H-20 proposal for ILC-500!
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Candidate ILC site in Kitakami
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Candidate ILC site in Kitakami
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Compact Linear Collider

Drive Beams
these electron beams provide the RF power to the main accelerators

NIy I DS N

/
electron main accelerator electrons ' positrons positron main accelerator
Main Beams

Conceptual Design (CDR) presented in 2012 CERN-2012-007

@ high gradient, two-beam acceleration scheme

@ staged implementation plan with energy from 380 GeV to 3 TeV
o footprint of 11 to 50 km

@ e polarisation (80%)

For details refer to arXiv:1812.07987

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019 10 / 62


https://arxiv.org/abs/1812.07987

Colliders

Compact Linear Collider
Novel acceleration technology required a lot of fundamental research

Studies completed at CLIC Test Facility 3 (CTF3: June 2003 - Dec 2016)

Delay
Loop

Chicane Combiner |

Ring

CALIFES

Probe Beam

YpTg  Mector

Injector

All key elements of the design verified
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CTF3 test results

Drive beam bunch formation Phase locking for acceleration
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Steinar Stapnes, CLIC Workshop, January 2019
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Colliders

CTF3 test results

Energy gain in single cavity Accelerating gradient for test cavities

8 T . - .

15-Jul-2011
Energy at screen center= 215.32 MeV ,

204 208 212 216 220 224 228

No. of Structures
S

Energy at screen center= 212.25 MeV

050 60 70 80 90 100 110 120 130
202 206 2 1 ﬂ 2 1 4 21 8 222 228 Unloaded Accelerating Gradient (MV/m scaled to 180ns, BDR = 3x10'7bppmj
Me\f
Steinar Stapnes, CLICdp Workshop, August 2019
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new baseline: CERN-2018-005-M

CLIC running scenario
Three construction stages (each 7 to 8 years of running)
for an optimal exploitation of its physics potential

@ /s =380 GeV with 1 ab™'  including 100 fb™* at tt threshold
focus on precision Standard Model physics,
optimised for Higgs boson and top-quark measurements
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CLIC running scenario new baseline: CERN-2018-005-M
Three construction stages (each 7 to 8 years of running)
for an optimal exploitation of its physics potential
@ /s =380 GeV with lab™! including 100 fb~! at tt threshold
focus on precision Standard Model physics,
optimised for Higgs boson and top-quark measurements

o \/s=15 TeV with 2.5ab™ "
o /s =3TeV with 5ab™ !
focus on direct and indirect BSM searches,
but also additional Higgs boson and top-quark studies

27 years

1.5TeV Physics
2.5ab™"

7 years

Y

3Tev
« Construction
« Installation

380GeV
« Construction
« Installation

3TeV Physics

380 GeV Physics
5ab™’

1ab™?

Reconfiguration
Reconfiguration

September 5, 2019 14 / 62
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| Compact Linear Collider (CLIC)
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LC comparison  personal view

ILC CLIC
Technology cold worm
Acc. gradient 35 MV/m  72/100 MV/m
Initial energy 250 GeV 380 GeV
Final energy 500 GeV 3 TeV
Bunch spacing 300 ns 0.5 ns
Polarisation e /et e
Project timeline 22 years 27 years
Total luminosity 6.2 ab™ ! 8.5 ab

ILC: higher precision at low energies, CLIC: prospects for going > 1 TeV
Running scenarios can be modified, depending on physics...

A.F.Zarnecki (University of Warsaw)
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Comparison to other project

o tt threshold luminosity “per IP" similar for ILC/CLIC and FCC-ee
@ much smaller construction cost and power consumption for LC!
@ CLIC is the only ete” project that can go into the TeV domain

March 2019
T T T T T

—— CLIC

—— ILC

--a-- ILC lumi-up
—=— FCC-ee (2 IPs)
—— CEPC (2 IPs)
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vl
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=
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Energy upgrade not possible for circular collides...
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Particle Flow concept
Jet energy resolution crucial for precision physics and background rejection

Typical jet composition: -
@ 60% charged particles -
@ 30% photons

@ 10% neutral hadrons

Jet energy poorly measured in
calorimeters, large flactuations.

But we can measure:

@ charged particle momenta very precisely,
@ photon energy quite well,

@ only neutral hadrons are a problem...

September 5, 2019 19 / 62
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Detector Requirements

- ¥ 5 Benchmark reaction
“Particle Flow” concept: 17 ete” = tf —6)
try to measure energy ﬁ\% L S
particle by particle @,

\

‘)
Single particle reconstruction/ID
= high calorimeter granularity

A.F.Zarnecki (University of Warsaw)

Physics potential of ILC and CLIC

September 5, 2019 20 / 62



\,
\
W

Detector Requirements

Benchmark reaction

m - " "‘ @ @ + - T .

Particle Flow” concept: @\“ e'e —tt—6)
try to measure energy X S
particle by particle ¢

Single particle reconstruction/ID % %~
= high calorimeter granularity

Best energy estimate
for charged particles
= precise momentum measurement

A.F.Zarnecki (University of Warsaw)

Physics potential of ILC and CLIC
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Detector Requirements

Benchmark reaction

m - " "‘ @ @ + - T .

Particle Flow” concept: @\“ e'e —tt—6)
try to measure energy X S
particle by particle ¢

Single particle reconstruction/ID % %~
= high calorimeter granularity

Best energy estimate
for charged particles
= precise momentum measurement

Very efficient flavour tagging
= high precision vertex detector

A.F.Zarnecki (University of Warsaw)

Physics potential of ILC and CLIC
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Detector Requirements
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o molwg""‘““’ Benchmark reaction
“Particle Flow” concept: b L/' ete” Sttt 4j+1+v
try to measure energy @\
particle by particle MO

Single particle reconstruction/ID % %"
= high calorimeter granularity

Best energy estimate
for charged particles
= precise momentum measurement

Very efficient flavour tagging
= high precision vertex detector

Missing energy measurement
= hermecity

A.F.Zarnecki (University of Warsaw)
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Detector Requirements  same for ILC and CLIC
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e Track momentum resolution: o7/, <5- 107° GeV !

@ Impact parameter resolution: o4 < 5um & 10um plsifif/\;@

@ Jet energy resolution: og/E =3 — 4% (for highest jet energies)
e Hermecity: ©,,;,, =5 mrad

Two detailed ILC detector concepts:
ILD

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019 21 /62
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Experiments “

New CLIC detector model: CLICdet

Solenoidal Magnet

Fine-grained

Based on detailed
Calorimeters

simulation studies,
detector R&D and
beam tests.

Main Tracking
Detector

Forward
Region

12.8 m

Optimised for Particle
Flow reconstruction

Return Yoke

with Muon ID detectors

Full exploitation of
physics potential from
380 GeV to 3 TeV

Vertex Detector

For details refer to
arXiv:1812.07337

11.4m

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019 22 /62
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Experiments

Detector performance
Track momentum resolution:

01/p <5-107° GeV !
for high momentum tracks

p1 resolution for muons:

~ CLICdp
O] E ILD L=/ ] > F e o
T v9=20" ] 8 10k > 6=30deg
5 3 . =30 73 3 6=50d E
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Experiments

Detector performance
Jet energy resolution:

O'E/E =3 - 4%
for high jet energies

Expected jet energy resolution based on particle flow reconstruction
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Experiments

Detector performance
Impact parameter resolution:

0g < 5um & 10um LSV
p sin”’°©
Crucial for efficient flavour tagging
b-tagging @ ILC b-tagging @ CLIC
: g . Cicdp
% F /,/ H % F Di-jet ever‘ns, ECMzsbo GeV, 20° < < 90°
T ILB ,r’/ B < E charm contamination b
c k=] || —— No background / T
3107 ’ = T I —— yy- hadrons 1
% : ] £ 10tk 4 T
£ ] Ef = / ;
Q102 . S i y/ ]
3 - 3 £ M 1
/ 1 S L i |
~ ] e #"’ E
107 Charm background | E ?;5:: ) ]
] L LF contamination |
LF background ] No background
i 1 10° E ——— yy- hadrons -
100405 06 07 08 09 1 vl ‘ ‘ ‘ :
: : B - - - 0.5 0.6 0.7 0.8 0.9 1
Beauty eff. Beauty eff.
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Experiments

Detector performance
Impact parameter resolution:

0g < 5um & 10um LSV
p sin”’°©
Crucial for efficient flavour tagging
b-tagging @ ILC c-tagging © CLIC

. 1 TR B B CLICdp
= E S . 17~ E
(7 E /,f’ A @ [ Di-jet events, E_ =500 GeV, 20° < 6 < 90° 2
g 1 i | s f %é 1
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% : -§ 107 E % e
X 1 k= F E
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Higgs physics -
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Higgs production

P(e, €=(-0.8, 0.3), M =125 GeV

900 Precision Higgs couplings
o ' U svanfih ] measurements at 250,/380 GeV

—_ —2h ]

L300k — WW fusion . .

- 77 tusion Profit from combining two

2 production channels:

3200

o=Uor

[}

(%} Ll W

2100

O L

O : . .
500 250 300 350 200 450 500 = model independent analysis
\s (GeV)
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Higgs physics

Event reconstruction
In the ZH production channel (dominating below 450 GeV) we can use
“Z-tagging” for unbiased selection of Higgs production events

2 F ‘ ‘ ]
§ 400 iILa : ;:n:f::t::ground—:
w A | S ]
300;* """" é
200;* é
100 [ag et me f

loc’ o PP
910 120 130 140 150
Recoil Mass (GeV/c?)

We avoid any dependence on the Higgs decay channel!

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019



1
St /"
W s

Higgs physics

Decay reconstruction CLIC study: arXiv:1608.07538

+

Recoil mass reconstruction in e 'e  — ZH = unbiased selection

Clean environment =- unambiguous separation of different decay channels
Efficient b and c tagging: &

b) fit template: bb CLICdp s =350 GeV c) fit template: ¢t d) fit template: gg
b ZH;Z - ot H - g9

ZH;Z - qg; H - bb ZH,Z - G, H - cT

Prospects for direct measurement of BR(H — cc) and BR(H — gg)

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019
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Higgs physics

Higgs couplings

ILC/CLIC sensitivity to the different Higgs boson couplings
compared with the HL-LHC projections

Model-dependent analysis

—_ - HLLHC s2 CLIC Stage 1 Stage 2 St 3
g€ 6 Model Dependent Fit (T ,,=0 & no anom. hZZIWW coupl) 1001 Shies 0.7+ Slage2 £+ Staee
» = :tt:g Siezso 68% prob. uncertainties
e i Hiiuehe- S
= dark/light: S1/S2
s 5
3
<] L i
o
c -
& 4 = q
L 1 IS
g I 5 ‘N
S S
2 F 1 LIS
I
5 2 T
|
s | |
2 1 = | -1
I F i & 1 oA
o
Z W b 1 g ¢y W2 t2 MO Kw Kz kg Ky Kzy Kp Kt K Ke Ky Ka
arXiv:1903.01629 arXiv:1812.02093

Sub-percent level precision already at the first energy stages
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Higgs physics ;

Higgs couplings

ILC/CLIC sensitivity to the different Higgs boson couplings

Model-independent analysis

November 2015
< 3.5 Model Independent EFT Fit s 12
= W ILC250 2 cLiCdp
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arXiv:1903.01629 arXiv:1812.01644
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Higgs physics ;

BSM sensitivity
Precision of e™ e colliders allows to distinguish the SM expectations and
other models from the global analysis of the Higgs boson couplings

s ILC 250 GeV, 2 ab’!
e Significant (> 5¢) differences
2HDM-II Higgs and cTGCs .
o EFT interpretation between most scenarios

2HDM-Y

already at 250 GeV

All considered BSM scenarios can be
identified at > 50 after full ILC
programme (H-20)

Composite
LHT-6

LHT-7

model discrimination in o

Radion

Singlet

(e R
St PMssigton, 2hon 31on, y%p[f&’;rsr.s CHT. > Radio gl

arXiv:1710.07621
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Higgs physics

BSM sensitivity
Precision of e" e colliders allows to distinguish the SM expectations and
other models from the global analysis of the Higgs boson couplings

M - ILC 250 GeV, 2 ab™
MSSM - . .
’ *350 Gev, 0.2 ab” All considered BSM scenarios can be
2HDM-II +500 GeV, 4ab

identified at > 50 after full ILC
programme (H-20)

2HDM-X Higgs and cTGCs
EFT interpretation

2HDM-Y
Composite
LHT-6
LHT-7

Radion

model discrimination in o

Singlet

Sm "Mss,ﬁ*roM‘/Q/HDMj(HDMiOmDDL;E.5U‘/h ,/?a%nsmg,e,

arXiv:1710.07621
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Higgs physics

Invisible decays
Recoil mass technique results also in high sensitivity to invisible Higgs
boson decays

800

S 1600 T T T T
3 a0k ngSimmation E%VZ\Q, ]
~ C s = 250 GeV . |
o E pol(e e*) = (+0.8,-0.3) = ]
£ 1200 250 fb! B o i
5 B S i s 8F 10% ]

C —invisil % |
4 1000F she

600
400
200

L 4 o s S S s S e s — —— ¥
POO 110 120 130 140 150 160
Recoil Mass [GeV]

Expected 95% C.L. limit for 2ab ! collected at 250 GeV ILC: 0.23%
Yu Kato @ EPS-HEP 2019
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Higgs physics -

Higgs production

New channels open above 500 GeV

o f
5102 . o top Yukawa coupling
T | o Higgs self-coupling
Top
@ F ttH
% 1L Even more Higgs bosons produced
at TeV energies
1071;’ ] @ rare decay channels
£l F P I
1000 2000 3000
s [GeV]
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Higgs physics

Higgs self-coupling
Estimated precision on the determination of Higgs self-coupling A

+ _— + - -
e’ e — ZHH I e e — viHH L
9 ol j
o, — s ¢ Eft; no Bkg) o, T etae VVHH (100% Eff.; no Bkg.y ]
< <
~ — e*seZHH (full simulation) .,.-etttTT ~ T e'+e HVVHH (full si
< o e <
© 10 23]
) 10
10 LR T T S S S [ [ S S AL TP
500 1000 1500 2000 2500 3000 1 500 1000 1500 2000 2500 3000
[s [GeV]

[s [GeV]

500 GeV optimal for measurement in ZHH channel:

. . —1
27% uncertainty expected at ILC with 4 ab
assuming the SM with only the trilinear Higgs coupling free

arXiv:1903.01629
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Higgs physics
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Higgs self-coupling arXiv:1901.05897
Extracted from the measurement of double Higgs boson production at
CLIC, at energies of /s = 1.5 and 3 TeV.

CLICdp CLICdp 4:1 pol. scheme
P
H L=5000/fb 41 pol. scheme g 110 ]
4 Eeyaav ] I . 68%CL.
B ey - vaoa 951.05' (\ = 9% CL
£ ee - quqg
= N
B ce - quagwv g e T ‘
B ee - qgHw r  differential
. v 0.95 ~
ee - HHvY b HHw3Tev;5a0t Y
[ +ZHH:1.4TeV;25ab*
0.9¢ ]
0.15 0.2 0.5 1 15
BDT response g gSM
HHH “HHH

Both trilinear Higgs self-coupling and the quartic HHWW coupling can be
constrained.

SAA=—7%/+11%  (68% C.L.)
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Looking for BSM effects

50 CLIC discovery range for Higgs compositeness
compared to expected HL-LHC 20 exclusions

CLIC

> ® hvy, hZ, WW, tth
4 ee-ff 1
® HL-LHC
2 .
10 20 30 40 50

m,[TeV]
New physics effects can be discovered via precision Higgs measurements
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Top-quark physics -
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Processes of interest

Top pair-production at and

5'103 ET T T
= f " above the threshold (350 GeV)
;5102 — — @ top-quark mass
= @ electroweak couplings
'01 10F ttz E @ rare decays
o f
5 L
10l

. EI.OO(j - .200(5 — éOOO
s [GeV]
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Top-quark physics -
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Processes of interest

Top pair-production at and

5103 ET T — T T
= f " above the threshold (350 GeV)
;5102 — — @ top-quark mass
B o electroweak couplings
.T 10 ¢ @ rare decays
N
L .
5 4L Additional processes open at
high energies
10 L, | @ top Yukawa coupling

P PR T R N S SR T |
1000 2000 3000

s [GeV] o CP properties

@ BSM constraints
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Top-quark mass
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Threshold scan
Top pair production cross section around threshold:
resonance-like structure corresponding to narrow tt bound state.
Very sensitive to top properties and model parameters:

T, 4 Fdtveshola mei78cey T ] @ top quark mass m,
—="" L —QQbar_threshold 1.0 NNNLO 4
2 [ —ISRonl ] 1
1:T"l.2 jchICogé/OGEVNomlnal - ° tOp quark Wldth rt
™ r —CLIC 350 GeV LowCharge 1 )
o 1F - @ strong coupling o,
® t ] .
081 = o top Yukawa coupling y;
06 e’ t
04F -
02 B
CLICdp 1
| L L L L | L L L L | L
340 345 350
s [GeV]

/
Significant cross section smearing due to luminosity spectra and ISR

Smearing due to luminosity spectra can be reduced by using dedicated running configuration
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Top-quark mass

Threshold scan
Precision top mass measurement possible already with 100-200 fb?
Baseline scan scenario: 10 cross section measurements, 10-20 fb~! each

= T T T - 3047 I B e e H e e —

=3 L threshold - QQbar_Threshold NNNLO © [ fithreshold - QQbar_Threshold NNNLO q

== 0.6 |- 'SR * ILC Luminosity Spectrum ILB i /=0.6 [ ISR+ CLIC LS 90% Charge E

7 [ —default- m 1715 GeV, T, 1.37 GeV. B2 E  default - m® 1715 Gev, T, 1.37 Gev ]

k=) m, variations + 0.1 GeV T £ m,variations + 0.2 GeV 1

g — ‘ry:;;;a::)g:n;z ;5 Gev +$ 0.5 =t variations £ 0.15 Gev E
%] 4 Boal

0.4 04F =

0 C ]

» L £ 1

o L 03F E

o L 1 simulated data points £ { simulated data points ]

0.2k 200 fb* total 020 100 fb™ total E

efficiencies F 1

N 0.1 =

from EPJ C73, 2 E =

L CLICdp 1

ol L L Ry | I k|

340 345 350 340 345 350
/s [GeV] s [Gev]
arXiv:1903.01629 arXiv:1807.02441
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Top-quark mass

Threshold scan
Precision top mass measurement possible already with 100-200 fb?
Baseline scan scenario: 10 cross section measurements, 10-20 fb~! each

it F T T |
—_ T T [ = 1 . 3
8_ |t threshold - QQbar_Threshold NNNLO '51'55 C CFISC:T-,; éDGtV ,:;;; é‘:“:\‘ecmma. ]
=06+ ISR + ILC Luminosity Spectrum ILB _ g =137 GeV —68% CL 90% Charge J
c v — default - n{® 1715 GeV, T, 1.37 GeV. & 1.5 F 20 template fit 3
o r m, variations + 0.1 GeV/ L ]
S L - T, variations + 0.15 GeV 1.45F 3
k) theory uncertainty E 9
(2] i =
» 041 - 14F 5
1%} - E Bl
o 135 i
o 1 simulated data points E 1
0.2 2001 ol i 13F E
: efficiencies and s 1.25 E
from EPJ C73, E ]
oL~ L 1 12F CLICdp -
C L L L |

340 345 350 1713 1714 1715 1716 1717
s [GeV] fitted m, [GeV]

About 20 MeV uncertainty on mass expected from mass and width fit (2D)

A.F.Zarnecki (University of Warsaw) Physics potential of ILC and CLIC September 5, 2019 41 /



\
U
W

Top-quark mass

Threshold scan
Precision top mass measurement possible already with 100-200 fb?
Baseline scan scenario: 10 cross section measurements, 10-20 fb~! each

Statistical uncertainty on m¢ [MeV]

o) T T T 0.2 40
S | threshold - QQbar_Threshold NNNLO
= 0.6 |- 'SR * ILC Luminosity Spectrum ILB _ 018
(= — default - m® 171.5 GeV, ', 1.37 GeV
o [~ m variations £ 0.1 GeV 0.16 35
= L - T, variations + 0.15 GeV
2 th t 0.14
) ieory uncertainty
o 041 - 012 30
g K
r >
e (o1 0.1
© F 1 simulated data points 0.08 25
0.2 200 1™ total _
. 0.06
| efficiencies and signal yields 0.04 20
from EPJ C73, 2530 (2013)
23 0.02
O 1 L 1
340 345 350 ° ®
0.0005 0.0010 0.0015 0.0020
Vs [GeV] O

About 20 MeV uncertainty on mass expected from mass and width fit (2D)
However, a, and top-quark Yukawa coupling need to be constrained from
independent measurements. Total systematic uncertainty ~ 50 MeV.
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Top-quark mass

Direct measurement arXiv:1807.02441

From reconstruction of hadronic
top-quark decays

[%)
§ — All events CLICdp
11110000 4-f+qq

5000

0 . . .
50 100 150 200 250
m, [GeV]

o

Statistical precision ~ 30 MeV

Needs excellent control of JES
Large theoretical uncertainties
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Top-quark mass -3

Radiative events

efe” - tt+ 7,

Threshold from reconstructed tt invariant mass distribution

T T T T
e‘e — tty, (=380 GeV

[ —mm)=166 Gev

n
T

™,(m,)=167 GeV

do/dVs' [fo/1 GeV]
- o

05F .

0 . I I 1 ]
340 350 360 _ 370

Is' [GeV]

M. Boronat et al., Top quark mass measurement in radiative events
at electron-positron colliders, to be submitted.
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Top-quark mass -3

Radiative events

efe” - tt+ 7,

Threshold from reconstructed tt invariant mass distribution

(%) L B B L B %) L T
5400 [ e -1y, CLIC, (5=380GeV i T [ o' iy, ILC, (5=500 GeV
> > I
(N1} —— Theoretical prediction [ LLI 1500 [~ — Theoretical prediction
300} | ;
1 Pseudoexperiments ] [ Pseudoexperiments ]
200k I:I Stat envelope: 16 (1000 fb) 1000 C DSlalenvelope:110‘(4000":") ) ]
L ) ]
100} : ] 5001~ - ]
4 [ 7 i b
e ] olet v v v v i
340 350 360 370 350 400 450
(s' [GeV] Is' [GeV]

M. Boronat et al., Top quark mass measurement in radiative events
at electron-positron colliders, to be submitted.
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Top-quark mass -3

Radiative events

efe” - tt+ 7,

Threshold from reconstructed tt invariant mass distribution

T T T T T T T T T T T T

wn rrrrrrrrr T T T T T T T T [7)] F
4000 oo 1y, OLIC, (5-380GeV  Jf & [ e iy, ILC, 15=500 GeV
Lﬁ —— Theoretical prediction [ i Lﬁ1500 - Theoretical prediction
300 ] ] [
1 Pseudoexperiments. ] ] [ Pseudoexperiments. ]
] [ 41
200 L I:I Stat envelope: + 1.0 (1000 fb™) [ _: 1000 __ DSlalenvelope:110‘(4000":") —_
] L }
100} ' ] 500 - .
s i R R B olet v v v v i
340 350 360 370 350 400 450
(s' [GeV] Is' [GeV]
Statistical unc. on m,: 90 MeV 110 MeV
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Top-quark mass -3

Radiative events

efe” - tt+ 7,

Threshold from reconstructed tt invariant mass distribution

T T T T T T T T T T T T

wn T T T T T T T wn F
5400 [ e'e” —>tty, CLIC, Vs=380 GeV g [ e'e —tty, ILC, Vs=500 GeV
Lﬁ ~—— Theoretical prediction [ ] Lﬁ1500 -— ~——— Theoretical prediction
300 ] ] [
1 Pseudoexperiments ] ] [ Pseudoexperiments ]
i L &
200 L I:I Stat envelope: + 1.0 (1000 fb™) [ _: 1000 __ DSlalenvelope:110‘(4000":") —_
1 L }
100} ' ] 500 - .
s i R R B olet v v v v i
340 350 360 370 350 400 450
(s' [GeV] Is' [GeV]
Statistical unc. on m,: 90 MeV 110 MeV
Total unc. 110 MeV 150 MeV
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Top-quark physics -3

FCNC top-quark decays very strongly suppressed in SM (CKM+GIM)
Reconstructed cy invariant mass Limits expected for 1000 fbt
after BDT selection collected at 380 GeV
s -5

% ol crcw BR(t - cy) < 2.6-10

a0l ]

20 * 1

00 50 100 150/ ) 200 ZéO

M, [GeV]

arXiv:1807.02441

September 5, 2019
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Top-quark physics -

FCNC top-quark decays very strongly suppressed in SM (CKM+GIM)

Response distribution of the BDT Limits expected for 1000 fbt

for the t — cH selection collected at 380 GeV

£ 10* Felicap ' i ' -5
R X —Signal BR(t - cy) < 26-10

> 3 [ —Background

w 10 4-fermion + qq §

102 |

BR(t — cH)x
BR(H — bb) < 8.8-107°

10 k

i

10k

-0.5 0 05 1
BDT response

arXiv:1807.02441
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FCNC top-quark decays very strongly suppressed in SM (CKM+GIM)
95% C.L. limits on BR(t — cF) Limits expected for 1000 fb™*
as a function of DM particle mass collected at 380 GeV

b= T T T . 75

E —e— Low mass BDT CLICdp BR(t - CY) < 26 10

o 10° | —e— High mass BDT 3

m F ]

3) BR(t — cH)x

2 BR(H — bb) < 88-107°

% 107 | E

£ . ‘ , BR(t - cf) < 1.0-34-10"*

50 100 150
myy, [GeV]

arXiv:1807.02441
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Top-quark physics

FCNC top-quark decays

Comparison of expected limits:

S

o E o
o E o
c C c
o 2’ o
=107 =
E" E E
4 F i
010 o
R E 2
wn E fred
. o o
10
r ATLAS
10° Ecms
E ERHL-LHC
F @ie
10°E e 10°
E M FCC-hh E g4
. [IFCC-eh w0l SFCC-eh
t — Hu t - He t — Hq t—yu t—yc t—yvq

For channels involving charm quark, only FCC-hh can compete with LC
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Top-quark physics

Top-quark pair production
Pair production provides direct access to
top electroweak couplings

Possible higher order corrections
= sensitive to “new physics” contribution

New physics effects can be constrained through measurement of:
@ total cross-section
o forward-backward asymmetry
@ helicity angle distribution in top decays

Additional constraints obtained by:
@ using electron (and positron) beam polarisation

@ measurements at different /s
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Top-quark physics

Top EW couplings

Can be constrained from the measurements of top-quark pair-production
cross sections and angular distributions

x10°
T e ] N e N : . , , .
=B s -1 i S L =_ 2 _
S e;e;—> tt @ 500GeV, 2.1ab”" 4 { © 2500 |- /s = 380 GeV, D<1 CLICdp
3 20:— —— Parton level ; 18 S ‘F’{VH'ZARD g L= 250107
2 [ — IDR-L 1 1 @ 2000 eco. corrfcte
5 [ -4 IDRS ng 14 | —— P(e)=-80%

—— P(e) = +80%
1500 |-

-
[$)]

T

TS RV A

&
10} ' 1000
5[ 1 500
} ILD ] 0 ! ! !
) S O B W 1 05 0 0.5 1
~1-0.806-0.402 0 02040608 1 «
G0s6, cos(6%)
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Top-quark physics
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Top EW couplings
Expected sensitivity to electroweak couplings of the top quark

CP-conserving form factors CP-violating form factors
g .LHC‘ V5 =14 Tev, L = 3000 fo* T T T
g e o7 o) ol ) W e o o s
o ILC, {s =500 GeV, L =500 fb N
5 EPy C75 (015 512 [ e initial, Vs = 500 GeV, L =500 fb

CLIC, V5 =380 GeV, L =500 fb*

1E Blcrominal, =500 Gev, L = 4000 0™
PRELINARY

CLIC initial, Vs = 380 GeV, L =500 fb™

CLIC, /5 =380 GeV, L =500 fb™ (0, .00~ 3%) | |
PRELIMINARY cLic, Vs =3 Tev, L = 3000 ib™
1
107
10
z

Re[F;A] Re[FgA] Im[F;A] Im[FiA]

Uncertainty

=

_ arXiv:1710.06737
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Top-quark physics

Looking for BSM effects

Global EFT analysis of CLIC measurements involving top quark

Results based on statistically optimal observables arXiv:1807.02441
102 10! TeV
0.00033 CLICdp
0.001 Clq,B 0.00047. semi-leptonic ¢
' o-00251 380GeV + 1.4 TeV + 3 TeV
0.00022 o.0001f ] 380GeV +1.4TeV
0.00075 Clq.w oooos] ] 380 GV

0.0031 ]
0.00018 1
100054 0.00045 |

0.0024 |

0.011
0.016 Cywr

0.059

0.076 C7

0.061
0.083

Tev=? 104 10-3 102 10-! Tev—2

High energy CLIC can reach “new physics” scales in the 100 TeV range
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Two complementary approaches

Strong limits expected at CLIC CDR

10°
HL-LHC for many Higgs
scenarios.
107 ¢ SUSY Model 1
Complementary
searches at LC: g0
c
e direct searches g
models with weak @
) g 10
couplings or soft
signatures
.. 107
@ indirect searches
high sensitivity
107 - . . . A—
0 500 1000 1500 2000 2500 3000

Vs (GeV)
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Search for new scalars
Many BSM models introduce extended Higgs sectors.
New scalars could be light, if their couplings to SM particles are small.

Search for production and invisible decays of new scalars:  arXiv:1903.01629

2000 fb' @ 250 GeV ILC
! - ILD preliminary
k]
I
I
D
o Bl o

15.Gev.

[ s ek

100 150 200
Mrecoil (GGV/CZ)

e e_—>ZSO—>u+/f+inv

+
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BSM physics -

Search for new scalars
Many BSM models introduce extended Higgs sectors.
New scalars could be light, if their couplings to SM particles are small.

Search for production and invisible decays of new scalars: arXiv:1903.01629
y
[Te) e * |
xcb [ | 1LD preliminary ]
10 | 4 1LCrecoll Sy channel =
[ | s LEP recoil Spey- & Se'e” 3
F LEP S°- bb/tt /\’. / 1
3 ~— ]
107"- ‘/ﬂ// ]
) f . ]
10 2 k] LT
ERAE L T P E
_3 [ . . . . . . i
10 50 100
Mg, (GeV/c?)

Significant improvement of LEP limits @ 250 GeV
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Search for new scalars
Many BSM models introduce extended Higgs sectors.
New scalars could be light, if their couplings to SM particles are small.

Search for production and invisible decays of new scalars:

9 L S S S T I n §16 . . . .
4 " + ’ s — CLICdp preliminary
1k 2514— :
i &8
& )
- D 10,
1 1:, . H H (]
0 1 : +-lil1"# 3 o .
5 —— o (5 c 8
» -Iphﬁrl'-l--l--l-‘l-"' 4
+ .
1072 T ] Ee6t
E 4 ; = < .
:.I\'IU#- | i + 500 Gev 3 2 a4t
(o] .
= i & 250 Gev e 3 .
1083 @ 2r L. e vt
0 100 200 300 400 8 ol ) \ , \ . . . .
2 120 140 160 180 200 220 240 260 280
Mg, (GeV/c?) myy [GeV]

Extending to higher masses at ILC-500 and CLIC-380
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BSM physics

Inert Doublet Model
Scenarios with light inert scalars (DM candidates) still not excluded.
Many such scenarios can be probed at future e™e™ colliders

— 30
>
)
S s
25
L
20
380
15
250 10
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 °
Benchmark Point
Benchmarks from arXiv:1809.07712 More details in a dedicated talk on Friday
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Dark Matter searches et X
Production of Dark Matter possible in many scenarios. X
In eTe™ collisions, we can detect invisible final states e v
by studying the ISR photon spectra
WE /=500 GeV —, VS a0 Gev —v.
my =100 GeV Xw mx = 500 GeV — Xw

= ey

= 2

=

< E
© o)

= ©
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BSM physics

Dark Matter searches

Expected photon spectra (ILC500)

S 10° Eao0Gev, o0 P(e 6%)=(0%,0%) T i
8 Input distributions

Z 10° B background E
- , o signal
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M.Habermehl, PhD Thesis

Cross section limits at CLIC380
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arXiv:1812.02093

Large background, but expected signal statistics is also large
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BSM physics

Dark Matter searches

Comparison of extracted mediator mass limits

HE-LHC I gom=1, go=1 1

HL-LHC I tt+MET

FCC-hh |

gom=1,gq=1

LE-FCC |
HE-LHC |

Monojet

HL-LHC |

CLIC3000 I gom*ge=1

CLICsg0 |

ILC I

Monophoton

FCC-ee I
“)

CEPC | wernzees) - Scalar |

0.1 0.5 1 5 10

M.\]cdiulm' [TCVI

ILC/CLIC mass reach comparable with that of FCC-hh !!!
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BSM physics ;

EFT analysis
Summary of the sensitivity to SM-EFT operators from a global analysis of
corresponding observables for different future colliders

95% CL scale limits on 4-fermion contact interactions A
B 0w 0:B European S!rateg)

HL-LHC
HE-LHC
ILC 20

f
e
fF

ILC s [m—
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——

ILC 1000
CLIC 0
CLIC 1500
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FCC-ee uo
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)
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Scale / coupling [TeV]

ILC1000/CLIC3000 sensitivity exceeds that of FCC-hh
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BSM physics ;

EFT analysis
Summary of the sensitivity to SM-EFT operators from a global analysis of
corresponding observables for different future colliders

95% CL scale limits on 2-fermion 2-boson contact interactions \
B Oow OB European Stvateg)

HL-LHC
HE-LHC
ILC =0
ILC 500
ILC 1000
CLIC 0
CLIC 1500
CLIC s000
CEPC
FCC-ee u
FCC-ee w0
FCC-ee/hh

0 5 10 15 20 25 30 35

Scale / coupling [TeV]

CLIC3000 sensitivity matches that of FCC-ee/hh
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BSM physics
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Direct searches

For many models, in particular those with exotic scalar sector or new
Higgs bosons, CLIC direct and indirect reach can exceed that of HL-LHC.

Indirect and direct sensitivities to new heavy scalar singlets:

LHC 8 TeV Higgs couplings
LHC 300 fb~!___oo==""" "~

-
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BSM physics >

Direct searches
Search for dark matter using “disappearing tracks” signature @ CLIC
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high sensitivity thanks to precision tracking and low background conditions
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Conclusions -

Physics potential of ILC and CLIC personal view

High Energy linear e e~ colliders offer rich and diverse research
programme:

@ precise determination of Higgs couplings
@ precise determination of top-quark mass and other properties
@ stringent constraints on many BSM scenarios from indirect searches

@ prospects for direct observation of new physics in many scenarios
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Conclusions -

Physics potential of ILC and CLIC personal view

High Energy linear e e~ colliders offer rich and diverse research
programme:

@ precise determination of Higgs couplings
@ precise determination of top-quark mass and other properties
@ stringent constraints on many BSM scenarios from indirect searches

@ prospects for direct observation of new physics in many scenarios

As we have no hint for the actual BSM scenario, it is not possible to say
which one, ILC or CLIC, has larger physics potential.
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Conclusions -

Physics potential of ILC and CLIC personal view

High Energy linear e e~ colliders offer rich and diverse research
programme:

@ precise determination of Higgs couplings
@ precise determination of top-quark mass and other properties
@ stringent constraints on many BSM scenarios from indirect searches

@ prospects for direct observation of new physics in many scenarios

As we have no hint for the actual BSM scenario, it is not possible to say
which one, ILC or CLIC, has larger physics potential.

The two projects are to a large extent complementary!

From the physics point of view we should build both!
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ILC references

European Strategy submissions

@ The International Collider. A Global Project submission, arXiv:1903.01629
@ The International Collider. An European perspective submission
@ The ILD Detector at the ILC submission

Other reports
@ The International Linear Collider Technical Design Report

Volume 3.1I: Accelerator Baseline Design arXiv:1306.6328
@ The International Linear Collider Technical Design Report
Volume 4: Detectors arXiv:1306.6329
@ The Potential of the ILC for Discovering New Particles arXiv:1702.05333
@ Physics Case for the 250 GeV Stage of the International Linear Collider arXiv:1710.07621
@ The International Linear Collider Machine Staging Report 2017 arXiv:1711.00568
@ The role of positron polarization for the inital 250 GeV stage
of the International Linear Collider arXiv:1801.02840
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Formal European Strategy submissions

@ The Compact Linear eTe™ Collider (CLIC): Accelerator and Detector, ~arXiv:1812.07987
@ The Compact Linear e e Collider (CLIC): Physics Potential, arXiv:1812.07986

Yellow Reports

@ CLIC 2018 Summary Report, CERN-2018-005-M, arXiv:1812.06018
@ CLIC Project Implementation Plan, CERN-2018-010-M, arXiv:1903.08655
@ The CLIC potential for new physics, CERN-2018-009-M, arXiv:1812.02093
@ Detector technologies for CLIC, CERN-2019-001, arXiv:1905.02520

Journal publications
@ Top-quark physics at the CLIC electron-positron linear collider arXiv:1807.02441
@ Higgs physics at the CLIC electron-positron linear collider arXiv:1608.07538

Public CLICdp notes
@ Updated CLIC luminosity staging baseline and Higgs coupling prospects arXiv:1812.01644
@ CLICdet: The post-CDR CLIC detector model CLICdp-Note-2017-001
@ A detector for CLIC: main parameters and performance arXiv:1812.07337
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Future collider timeline

W Proton collider

Possible scenarios of future colliders B Electron collider
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International Linear Collider
H-20 running scenario for ILC500
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Higgs couplings at future colliders
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