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News on the CLIC physics potential ﬂb > -

Outline
© Introduction

© Higgs physics
e Top-quark physics
@ BSM physics

© Conclusions

Focus on selected highlights and most recent studies

For more recent results see:
The CLIC potential for new physics, CERN-2018-009-M, arXiv:1812.02093
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Introduction ﬁb -~ w

Compact Linear Collider

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

For details refer to arXiv:1812.07987
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Introduction ﬁb :,

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

including 100 fb~ ! at tf threshold
and top-quark

o /s =380 GeV with 1ab™ "
focus on precision SM studies, in particular Higgs

o /s =15 TeV with 25ab™"

e /s =3TeV with 5ab ™!
focus on direct and indirect BSM searches,

but also additional Higgs boson and top-quark studies
| 7 years , 27 years =
380GeV 1.5TevV g 3Tev
« Construction » Construction g « Construction
« Installation « Installation « Installation

Commissioning
Commissioning

3TeV Physics

1.5TeV Physics
5ab™!

2.5ab™"

Commissioning

380 GeV Physics
1ab™!

Reconfiguration

CLIC physics potential
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Introduction &B -~ w

Comparison to other project

@ Stage 1 luminosity “per IP" similar to FCC-ee
with half the construction cost and half the power consumption
@ The only ete” project that can go into the TeV domain

March 2019
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' Compact Linear Collider (CLIC) : : v
¢ BN 380 GeV - 11.4 km (CLIC380) o G
- 1.5 TeV - 29.0 km (CLIC1500) Jy T
3.0 TeV - 50.1 km (CLIC3000)

=, g {
/ 4 / L LHC
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Introduction ﬁb :,

CLICdet: CLIC detector concept

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™
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Introduction

CLICdet performance

. resolution for muons
@ Track momentum resolution: PT

-5 1 cLicd
01/p <510 " GeV T : - Srqen
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Introduction

CLICdet performance

charm tagging performance

CLICdp

F Divjet events, E, = 500 GeV, 207 < 6 < 90° 2
H é
L —

@ Track momentum resolution:
o1/p <5- 107> GeV !
for high momentum tracks

@ Impact parameter resolution:

og < bum @ 10pum %
p sin”°©

Misidentification eff.

Beauty contamination
N

107 E — No

—— yy-> hadrons

LF contamination
No background

10° | ——— yy— hadrons -
h Il Il B
he) T T ]
2 12f Beauty contamination -
Q ~—— LF contamination ]
o
> 11—
5 L
9 o8 \
> 08p— =
0'6045 0.6 0.7 0.8 0.9 1
Charm eff.
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Introduction &B -

CLICdet performance

. jet energy resolution
@ Track momentum resolution: ] &Yy

— — CLICd
(71/,,<5-105GeV1 < oo - - -
. o VLC7Jets
for high momentum tracks S 10 -~ 50 GeV
_ I ~~?8oeév 380 GeV BG
@ Impact parameter resolution: < 8* N1oo GeV. 380 GeV BG
1 GeV & 1o ooy
oy < Sum @ 10pm LSV g 190 GeV, 380 GeV BG
p sin”“© = s b
o Jet energy resolution: W e
og/E=3—-4% D'E'v{: 4 e :
for high jet energies 2 LS., L .
o 0 02 04 06 08 1

@ Hermecity:
© in = 5 mrad
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Higgs physics &B -

Higgs production

— 380 GeV I Precision Higgs couplings
2 f HveVe ] measurements at 380 GeV
1P E
T YN e
T 10 3 E Profit from combining two
Q@ 5 ttH Zf ] production channels:
o | ]
6 1F 3
F HHv .V, ]
107 ¢ ZHH
El A R N
0 1000 2000 3000
(s [GeV]
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Higgs physics gb -

Higgs production

. . 15 Tev N 3 TeV' Precision Higgs couplings
2 f HeVe 4" |] measurements at 380 GeV
<107 E
é g He'e ]
A N — ]
o 10f E Even more Higgs bosons
+$ oh produced at TeV energies
© 17 ><7 o rare decay channels'
_1: 1 @ top Yukawa coupling
10 ¢ ZHH 3 . .
7 | \ ] e Higgs self-coupling
0 2000 3000
@ [GeV] T

see talk by Goran Kacarevic this afternoon
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Higgs physics

Higgs couplings Eur. Phys. J. C 77 (2017) 475, arXiv:1608.07538

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

Clean environment = unambiguous separation of different decay channels

d) fit template: gg
ZH;Z ~ dgH - g9

b) fit template: bb _ CLICdp Vs =350 GeV c) fit template: ¢t
ZH;Z ~ qG;H - bb ZH;Z ~ G H — cC

Prospects for direct measurement of BR(H — cc)

April 25, 2019
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Higgs physics

nggS couplings Updated for new running scenario: arXiv:1812.01644

Precision of the Higgs couplings of the three-stage CLIC programme
determined in a model-independent fit

Parameter Relative precision

s 12
350GeV  +1.4TeV  +3TeV e CLicdp
1 ab_| +25 ab_] +5 ab_| g L model independent
7z 06%  06%  06% B 11l 4
Zuww 1.0% 0.6% 0.6% 2
Sibb 2.1% 0.7% 0.7% s
Shee 44% 19% 1.4% S 1 O ]
I8 S Sns s saa e
Zhee 3.1% 14% 1.0% T ,
Sy - 121%  57%
2 - 3.0% 3.0% O
Shtee 2.6% 14% 1.0% oo | 20l T
Sty - 4.8% 23% | o 350GeV,1ab’
T a 1
giizy - 133%  67% ° :; 47(:5\/5 jf‘ab
Iy 47% 2.6% 25% 08

systematic or theoretical uncertainties not included
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Higgs physics
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Higgs self-coupling arXiv:1901.05897
Can be extracted from the measurement of double Higgs boson production
at collision energies of /s = 1.5 and 3 TeV.

CLICdp CLICdp 4:1 pol. scheme

g L=5000/fb 41 pol. scheme § L1 ]
3 Eeyoqgv ] Zz " 68%C.L.
B vag ] o = 950% CL.

4 (\
B ee - quag %1'001
5= ee - quaav I I Y"\
B ee - quaaw ] @ T Q
B e - qaHwy [ differential Q \

——ee - HHvV

0.95
‘): HHw:3TeV:5apt ¥
+ZHH: 1.4 TeV; 2.5 ab™

0.15 0.2 0.5 1 1.5
BDT response

Trilinear Higgs self-coupling as well as the
quartic HHWW coupling can be constrained.
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Higgs physics ﬂb -
CERN-2018-009-M, arXiv:1812.02093

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

Model-dependent analysis
- % HLLHC S2 = +CLICStage 1 ® +Stage 2 © + Stage 3
100} {BEfitf----- CHLLHGS1 Rl R ATRRS R ASREES d
68% prob. uncertainties
T | T 1
]
£ I
S i I (]
PIN NS DR | YRR | || N W . ]
(%18 | | 1
Ky Kz Kg Ky Kzy Kp K Kr Kc Ky Kx

13/26

significant improvement already at the first energy stage

CLIC physics potential April 25, 2019
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Looking for BSM effects

50 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 measurements at CLIC.

A.F.Zarnecki (University of Warsaw) CLIC physics potential April 25, 2019 14 /26



Top-quark physics &B > -

Processes of interest

3 380 GeV
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Top pair-production at and
above the threshold (380 GeV)
@ top-quark mass
o electroweak couplings

@ rare decays

A.F.Zarnecki (University of Warsaw)
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Top-quark physics ﬁb > -

Processes of interest

1.5

TeV

10°

o(e’e” ~ fi(+X)) [fb]

'—\
o
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Top pair-production at and
above the threshold (380 GeV)
@ top-quark mass
o electroweak couplings

@ rare decays

Additional processes open at
high energies

@ top Yukawa coupling

o CP properties

@ BSM constraints

A.F.Zarnecki (University of Warsaw)
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Top-quark physics

Top-quark mass arXiv:1807.02441

Direct mass measurement from
reconstruction of hadronic decays

%)
§ — All events cLicdp
11110000 4-f+qq i

5000 - b

0 ‘ " ‘
0 50 100 150 200 250
m, [GeV]

Statistical precision ~ 30 MeV

Large systematic effects (JES)
and theoretical uncertainties

A.F.Zarnecki (University of Warsaw) CLIC physics potential April 25, 2019 16 / 26


https://arxiv.org/abs/1807.02441

[
\,
\
Wt

Top-quark physics

Top-quark mass arXiv:1807.02441
Direct mass measurement from Mass determination from the cross
reconstruction of hadronic decays section scan at the threshold
ﬂ L TrTTTTTTTET TrrTTTTT ‘, 507 E t ‘lhresnoldrQQharﬁThre;hold NNNLO E
§ — Allevents CLicdp 4 206 ?Bj;s;f}fcgﬁc;zg\j r, 137 GeV 7;
L 10000 4-f+qq - A [ m,variations + 0.2 GeV 1

L ] +$ 05 E . variations  0.15 Gev E

I ] \50,4§— E

f 1 03f E

5000 — = [ simulated data points ]

L | 02F 100 fb™ total E

I ] 0af E

L ] E CLICdp 1

0 ‘ - ‘ T s a0

0 50 100 150 m2‘0([)Ge\3]50 /s [GeV]
Statistical precision ~ 30 MeV Statistical precision 20 — 30 MeV
Large systematic effects (JES) Total systematic uncertainty
and theoretical uncertainties 25 — 50 MeV (exp.) & 30 — 50 MeV (th.)
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Top-quark physics &b 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
T T T T T ] 75

% 60 - Signal CLICdp - BR(t — C'Y) < 26 . ]_0
u>J r Background framcey

af ]

0 L ! A L

0 50 100 150 200 250

M, [GeV]
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Top-quark physics QP -

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 E BR(t - cy) < 26-10

> 3 [ —Background

w 10 4-fermion + qq §

10? |

BR(t — cH)x
BR(H — bb) < 8.8-107°

10 k

N

10k

-0.5 0 05 1
BDT response
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Top-quark physics &b > -

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°
% 10 E
£ . . , BR(t - cf) < 1.0-34-10"*
50 100 150
myy, [GeV]
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Top-quark physics

FCNC top couplings
Can also be constrained from the measurement of single top production
Negligible SM contribution expected = clean BSM probe

Expected limits on Wilson coefficients perfect reconstruction, old running scenario

0.075 "+~ 380GeV 0.075F
0.05 5TeV 0.05
 380GeV41.5TeV+3TeV
0.025 - =(0,20.8) 0.025
N \ N
g or s or
—0.025 - 2| —0.025F
—0.05 J —0.05-
=
—0.075 4 I 19 —0.075 4 | !
—03-02-01 0 01 02 03 —0.04 —0.02 0 0.02  0.04
c CuA

Indirect constraints comparable to direct ones for 380 GeV
Significant improvement for high energy running
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Top-quark physics

Looking for BSM effects
Summary of the global EFT analysis of measurements involving top quark
Results based on statistically optimal observables

10% 10" TeV
0.00033 CLICdp
0.001 Ciy.B 0.00047. semi-leptonic ¢
- 00025 | 380 GeV -+ 1.4TeV +3TeV
0.00022 0.0000f | 380GeV +1.4TeV
0.00075 Cq,w 00003 | 380GV

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 1073 102 1071 Tev—2

High energy CLIC can reach “new physics” scales in the 100 TeV range
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Main target for high energy CLIC stages

Strong limits expected at CLIC CDR

10°
HL-LHC for many Higgs
scenarios.
107 SUSY Model 1
Complementary
searches at CLIC: €10 |
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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BSM physics

EFT analysis
Summary of the sensitivity to SM-EFT operators from a global analysis of
CLIC’s observables (Higgs, top-, boson- and fermion-pair production)

precision reach of the Universal EFT fit

102 W HL-LHC (3/ab, S1) + LEP/SLD light shade: CLIC + LEP/SLD =
M HL-LHC (3/ab, S2) + LEP/SLD solid shade: combined with HL-LHC(S2) E
CLIC Stage 1 blue line: individual reach
CLIC Stage 1+2 yellow mark: additional result
10| CLIC Stage 1+2+3 3
T
> 1
= E
N< L
< 107"
S E
1072
107

CH Cww ©CBB CHw CHB Cggxi0 Cy C3w OCwB Cr Cowxi0®Copxt0® Cg

CLIC significantly increases the precision of BSM constraints
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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 Loup]lng\
LHC 300 ﬂu e

-

- LHCzdb ! HL-LHC Higgsfouplings]

sin?y

T 1C 2T |
0.001 CLIC 3 TeV, 3 ab

500 1000 1500 2000 2500
me [GBV]
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BSM physics & -

Direct searches
Search for dark matter production using “disappearing tracks” signature

1.2F RETTERreS ‘ Higgsim; Lifetime‘ 7]
‘\ if/ ]
1.0F . ¢ ]
— I Sl

o Tt ]
E 0.8F T e §
1 » LR
I |/ ]
5 o6} | > ]
. - ]

I -
0.4 1
— /5 =380 GeV 1/ab {
0.2 Vs =15 TeV 2.5/ab

‘ ‘ T \/Z‘: 3.0 TeV 5.0/ab ]
200 400 600 800 1000 1200
my, [GGV]

high sensitivity thanks to precision tracking and low background conditions
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Conclusions gb -

CLIC

An attractive and cost-effective option for next large facility at CERN

The initial stage of CLIC: optimal for Higgs and top-quark measurements

@ precise determination of top-quark mass and Higgs couplings

@ stringent constraints on many BSM scenarios
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Conclusions &B -~ w

CLIC

An attractive and cost-effective option for next large facility at CERN

The initial stage of CLIC: optimal for Higgs and top-quark measurements

@ precise determination of top-quark mass and Higgs couplings
@ stringent constraints on many BSM scenarios

Subsequent CLIC stages:

higher energies, luminosities and cross sections (for many processes)
@ significantly enhanced precision of SM measurements
@ indirect BSM searches extending to 0(100) TeV scales

@ direct searches for “new physics” up to the TeV scales
complementary to those planned at HL-LHC
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CLIC timeline

2013 - 2019 2020 - 2025 2026 - 2034
Development Phase Preparation Phase

Development of a project plan for a Finalisation of implementation

staged CLIC implementation in line parameters, preparation for

with LHC results; technical industrial procurement, pre-series

developments with industry, and system optimisation studies,

performance studies for accelerator technical proposal of the

parts and systems, detector experiment, site authorisation

technology demonstrators

2020 2026 2035

Update of the European Ready for construction First collisions
Strategy for Particle Physics

A.F.Zarnecki i April 25, 20
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