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© Conclusions

Please note this is a personal choice of CLICdp results...
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Running scenarios

Compact Linear Collider

Drive Beams
these electron beams provide the RF power to the main accelerators
) e
(e r— o —
/ — ) [ g——

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
@ footprint of 11 to 50 km
@ e polarisation (80%)

For details refer to arXiv:1812.07987
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Running scenarios > .

Baseline scenario arXiv:1812.06018
Three construction stages (each 7 to 8 years of running)
for an optimal exploitation of its physics potential
o /s =380 GeV with 1ab™' including 100 fb * at tf threshold
focus on precision Standard Model physics,
optimised for Higgs boson and top-quark measurements

= ™y \7\ T 3103 ET T T T
"102 g =
T X1 E
1 B s f
. 10 o0
@ ., 10F E
[} o 3 E
153 1 o
S 1F E
10’1 fiH ]
St A I P Y | 7 A S ST S S (T S ST SRS |
1000 2000 3000 10 0 1000 2000 3000
s [GeV] /s [GeV]

A.F.Zarnecki (University of Warsaw) Precision measurements at CLIC March 8, 2022 4/18


https://arxiv.org/abs/1812.06018

Ao
W

Running scenarios “

Baseline scenario arXiv:1812.06018
Three construction stages (each 7 to 8 years of running)
for an optimal exploitation of its physics potential
o /s =380 GeV with 1ab™' including 100 fb™* at tf threshold
focus on precision Standard Model physics,
optimised for Higgs boson and top-quark measurements

o \/s=15 TeV with 2.5ab™ "
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 3Tev
« Construction ?  Construction
« Installation 1 « Installation

Commissioning
Commissioning

3TeV Physics

1.5TeV Physics
5ab™’

2.5ab™"

Commissioning

380 GeV Physics
1ab™?

Reconfiguration
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Running scenarios ;

arXiv:1509.02853

Energy choice
Energy of 380 GeV (350 GeV) was selected as providing the best precision
for Higgs coupling measurement in e e~ — ZH with hadronic Z decays.
This choice allows also to study top physics at the first stage...

Vs = 250 GeV; HZ (Z- qq) \'s = 350 GeV; HZ (Z- qq) Vs = 420 GeV; HZ (Z— qq)

90 100 110

9 100 _ 110
my/GeV GeV m,/GeV

Vs = 250 GeV; Background Vs = 420 GeV; Background

9 100 _ 110 90 100 110 100 110
m,/GeV m,/GeV my/Gev

My personal opinion: if optimised for running at 250 GeV, CLIC

performance should be similar to that of ILC (but for positron polarisation)
March 8, 2022
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Extended first stage
With two modifications to the baseline scenario:

CERN-ACC-2019-0051

@ 100 Hz bunch train repetition rate (instead of 50 Hz)
5% increase of cost, 30% increase of power consumption

o Initial stage increase from 8 to 13 years
= Integrated luminosity at 380 GeV increased by factor 4, to 4 ab™!
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Extended first stage CERN-ACC-2019-0051
With two modifications to the baseline scenario:

@ 100 Hz bunch train repetition rate (instead of 50 Hz)
5% increase of cost, 30% increase of power consumption
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o Initial stage increase from 8 to 13 years
= Integrated luminosity at 380 GeV increased by factor 4, to 4 ab™!

Z-pole running CERN-ACC-2019-0051
@ 380 GeV collider running at Z-pole:
£=23-10%m %!
= very useful for calibration, but not for precision measurements
@ Shorter liniac for Z-pole energy with adapted beam delivery system:
£=036-10**cm %s™" (for 50 Hz)
— 100 fb~ ! can be collected in a few years, 4.5 billion Z bosons
50:50 splitting of -80% and +80% polarisations assumed
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Higgs precision measurements

Higgs couplings

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

Model-dependent analysis

Parameter Relative precision 100 B :tt:‘z:: 3 = +CLICStage 1 = +Stage2 = +Stage 3
350GeV  +1.4TeV  +3TeV 88% prob. uncertainties
lab™  +2.5ab7" +5ab”!
Kyzz 0.4 % 0.3% 0.2% 10
Kpww 0.8 % 0.2% 0.1% -
Kibb 1.3% 0.3% 0.2% S
Kiee 41% 1.8% 13% § | i
Ky 2.7% 1.2% 0.9 % L e e P |1 TR ||| == B |
Ky - 12.1% 5.6%
Kh - 29% 2.9%
Kiigg 2.1% 1.2% 0.9 %
Ky - 48% 23% 0Ap-
Kizy - 13.3% 6.6 %
Kw Kz Ky Ky Kzy Kp Kt L3 Ke Ky Ka

arXiv:1812.01644 arXiv:1812.02093
Sub-percent level precision already at the first energy stage
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Higgs precision measurements ;

Higgs couplings

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

Model-dependent analysis

Parameter Relative precision Parameter Relative precision
350GeV  +1.4TeV  +3TeV 350GeV  +1.4TeV  +3TeV
lab™'  +2.5ab~" +5ab”" 4ab”' +2.5ab7" +5ab7
Kyzz 0.4 % 0.3% 0.2% Kyzz 02% 0.1% 0.1%
Kyww 0.8% 0.2% 0.1% Kyww 0.4% 0.1% 0.1%
Kb 1.3% 0.3% 0.2% Kibb 0.6 % 0.3% 0.2%
Kyee 4.1% 1.8% 1.3% Kjee 2.0% 1.4 % 1.1%
Kyee 2.7% 1.2% 0.9% Kyrr 1.4 % 0.9% 0.7%
Ky - 12.1% 5.6% Ky - 12.1% 5.6%
Ky - 29% 29% Ky - 29% 29%
Kiigg 2.1% 1.2% 0.9% Kiigg 1.0% 0.8% 0.6%
Ky - 4.8% 2.3% Ky - 48% 23%
Kizy - 133% 6.6 % Kzy - 13.3% 6.6 %

arXiv:1812.01644 arXiv:2001.05278

Measurement dominated by statistical uncertainties
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Higgs precision measurements

Higgs couplings
CLIC sensitivity to the different Higgs boson couplings

Model-independent analysis

s 12
Parameter Relative precision o cLicdp
] .
350GeV  +14TeV  +3TeV g [ modelindependent 1
lab™  +2.5ab7" +5ab” K]
O 11 -
Shzz 0.6% 0.6% 0.6% 2
BHWW 1.0% 0.6% 0.6% 3 B
SHbb 2.1% 0.7% 0.7% 8 L Il | L
e 44%  19%  14% 1 o s
SHre 3.1% 14% 1.0% i Ll It
S - 121%  57%
EHu - 3.0% 3.0% Ty| ¢t bt WZ gy
[ 09+ —
Shige 2.6% 1.4% 1.0% n zy| H
ngth = 4.8% 23% L o 350GeV, 1ab’ ]
i B o +14TeV,25ab"
ghizy 133% 6% . TaTev cab
[ 47%  26%  2.5% 08

arXiv:1812.01644

Measurement dominated by statistical uncertainties
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Higgs precision measurements ;

Higgs couplings

CLIC sensitivity to the different Higgs boson couplings

Model-independent analysis

Parameter Relative precision Parameter Relative precision
350GeV  +14TeV  +3TeV 350GeV  +14TeV  +3TeV
lab™  +2.5ab7" +5ab7" 4ab™"  +2.5ab7" +5ab7"!
27z 0.6% 0.6% 0.6% 22z 03% 0.3% 0.3%
Hww 1.0% 0.6 % 0.6 % Lww 0.5% 0.3% 0.3%
SHbb 2.1% 0.7% 0.7% SHbb 1.0% 0.5% 0.4%
SHee 44% 19% 14% ShHee 22% 1.4% 1.1%
S 3.1% 14% 1.0% i 1.5% 1.0% 0.8%
S - 121%  57% S - 12.1% 5.6%
i - 3.0% 3.0% i - 2.9% 2.9%
Shige 2.6% 1.4% 1.0% e 13% 0.9% 0.7%
iy - 48%  23% ity - 48%  23%
Siizy - 133%  67% ghzy - 133%  6.6%
My 4.7% 2.6% 2.5% My 24% 1.5% 13%

arXiv:1812.01644 arXiv:2001.05278

Measurement dominated by statistical uncertainties
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Higgs precision measure
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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
5 ee - quaqq
= N
B ce - quagwv g e T ‘
B ee - qgHw r  differential N
I v 0.95 ~
ee - HHvY b HHw3Tev;5a0t Y
[ +ZHH:1.4TeV;25ab*
0.9 ]
0.15 0.2 0.5 1 1.5

BDT response

SM
gHHH/gHHH

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

SAA=—7%/+11%  (68% C.L.)
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Top precision measurements

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

5071 LA ‘—_1_55 Eclic 10 0 1* < input valve 3
© [ fithreshold - QQbar_Threshold NNNLO ] 3 E ot 1715 Gev Z68% CL Nominal ]
/0.6 [ ISR+ CLIC LS 90% Charge 3 £ =137 GeV —68% CL 90% Charge
EUPE  Getault - m® 1715 GeV, T, 1.37 GeV ] E 15 E 2D template fit |
n [ m variations + 0.2 GeV £ ]
+:’) 0.5 E — r, variations £ 0.15 Gev 3 1.45 E E
S04 145 E
03F 1351 E
1 simulated data poins E El
0.2 100 b total E 13F =]
0.1 B 125¢ E!
-~ ‘ CLICdp 1 12F cLicdp
C L L L |

340 345 V%S[(();ev] 1713 171.4 1715 ) 171.6 171.7
arXiv:1807.02441 fitted m, [GeV]

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

Threshold scan

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

F0T T — top Yukawa uncertainty of 10%
Q[ fithreshold - QQbar_Threshold NNNLO ] 10
0.6 [ 1SR+ CLICLS 90% Charge 4 CLICdp
[ — default - m{® 1715 GeV, T, 1.37 GeV ] 9
n E  mvariations + 0.2 GeV ] 8
L00.5 1 Variations £ 0.15 Gev B
o L 7
[S)
0.4 < °®
=
3
03 = °
1 simulated data points ~ J o 4
100 fo total |
0.2 - 3
01 E 2
CLICdp 1 1
L1 I | 1
340 345 350 0.0005 0.001 0.0015 0.002
. Is [Ge :
arXiv:1807.02441 (Gevl % arXiv:2103.00522

About 20 MeV uncertainty on mass expected from mass and width fit (2D)
Parametric uncertainties: «g and top-quark Yukawa coupling need to be
constrained from independent measurements

= total systematic uncertainty ~ 50 MeV
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Top precision measure

Direct mass measurement arXiv:1807.02441

From reconstruction of hadronic
top-quark decays

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

5000 [~

OO 56 100 150 260 250
m, [GeV]
Statistical precision ~ 30 MeV

Needs excellent control of JES
Large theoretical uncertainties
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Top precision measure

ts

Mass from radiative events

e

tem =t F+1,,
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arXiv:1912.01275

Threshold from reconstructed tt invariant mass distribution

—— Theoretical prediction [

] Pseudoexperiments ] I

D Stat envelope: 1 (1000 fb) [ 1

T
CLIC, Vs=380 GeV 1

1]
340 350 360 370

. [ T T T T %) L
D [ e iy, 152380 Gev c400F o6 tly,
& 2F ] o
— [ —mm=166 Gev 1 i}
S [ mmeerce 1 300f
51 SF b
[} L ]
s f E I
S If ]
T T
0.5F ] 100
0 ; 1 1 1 1
340 350 360 370
Is'[GeV]
Statistical unc. on m,: 90MeV  Total unc.

[s' [GeV]
110 MeV

March 8, 2022
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Top precision measurements
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Top EW couplings

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

CP-violating form factors

S ' R J > T T T
S 2500 |- Vs = 380 GeV, D1 CLICdp £ [ my
a L —— WHIZARD S = 250107 1 8 [ [
S Sann Lo Reco. corrected 7] inal, {5 =500 GoV, L = 4000 b E
@ 2000 - : e B -
c
Ll>J L - P(e) =-80% =) cLic, f5=3Tev,L=3000 1"

— P(e) = +80%

1500 -
10*
1000
500 10
0 1 1 1
1 205 0 05 1

10°°

Re[F’ 1Re[F? ] Im[F’ ] Im[F? ]
2A° 2A° 2A 2A°
arXiv:1710.06737
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Top precision measurements

Top EW couplings
Global EFT analysis of CLIC measurements involving top quark
Results based on statistically optimal observables arXiv:1807.02441

10? 10! TeV

0.00033 0.00017 | CLICdp
0.001 Clq B 0.00047 semi-leptonic ¢
’ 0-00251 380GeV 4 1.4 TeV +3TeV
0.00022 0.0001 380GeV +1.4TeV
0.00075 Chq,w 0.0003) ] 380 GeV

0.0031 ]

0.00018

0.00054 C“,B 0.00045 ] |

0.0024 |

0.011 Cyp

).01
0.016 Cypr

0.00.

“x-lI

» Ol
0.061
0.083 Ciy

Tev=2 104 10-3 10-2 10-! Tev—2

High energy CLIC can reach “new physics” scales in the 100 TeV range
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EW precision measurements
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EWPO

arXiv:1812.02093

Expected errors on the different oblique parameters from combined
analysis of e e~ — ff angular distributions (non-radiative events)

Global fit Global fit
0.2 1.0|
0.1 0.5
----- Baseline (6.ys=1%,8(5) ;) T
N Baseline (6,y:=0.3%, 81! ,)
L 0of A& A e Baseline (65 =0%) = 0.0
2
Unpolarized (8,ys=1%, 6";’ )
Unpolarized (64,s=0.3%, 62),,) o
-0.1 Unpolarized (6,5 =0%) -0.5
------ EWPOLEP2
-0.2 -1.0
-0.2 -0.1 0.0 0.1 0.2 -1.0 -0.5 0.0 0.5 1.0

10*Y
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EW precision measurements %

EWPO arXiv:1812.02093
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Expected errors on the different oblique parameters from combined
analysis of e e~ — ff angular distributions (non-radiative events)

Global fit

Scenario  Current CLIC Baseline CLIC Unpolarized 1.0
(P, P (F80%, 0%) (0%, 0%)
S 0.13 0.09 0.16 05
(0.05) (0.10)
T 0.08 0.10 0.12 ~ 00
(0.05) (0.07)
W[x10%] 600 1.7 3.0 .05
(1.5) (2.2)
Y [x10] 900 2.0 2.3 1o
(1.8) (1.7) -0 -05 00 05 1.0

- s
In parenthesis: the results assuming the other oblique parameters are set to 0.
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EW precision measurements ;

Return-to-Z events J.-J. Blaising, Ph. Roloff, 2019

The energy loss due to ISR and beamstrahlung
= large samples of return-to-Z events at 380 GeV (~5 M in 1 ab ')
= Significant improvement compared to LEP / SLD possible

Asymmetry parameters Relative branching ratios

Observable | PDG value Agtar. | Dsyst. Observable | PDG value Agtat. Agyst.
Ae 0.1515 0.0006 | 0.00015 1/R. 0.0481 0.00012 | 0.00005

Ay 0.142 0.0039 | 0.00014 I/R,L 0.0481 0.00012 | 0.00005

A; 0.143 0.0055 | 0.00014 1/R. 0.0482 0.00016 | 0.00024

A, 0.670 0.0019 | 0.00067 R. 0.172 0.00042 | 0.00086

Ay 0.923 0.0036 | 0.00092 Ry 0.216 0.00031 | 0.00022

R, 0.286 0.0027 | 0.00029

Direct measurement of R,, possible!

Largly dominated by statistical uncertainties

A.F.Zarnecki (University of Warsaw) Precision measurements at CLIC March 8, 2022 16 /18
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EW precision measurements ;

Z-pole running J.-J. Blaising, Ph. Roloff, 2019

100 fb~ ! with polarised electron beam (50:50) for dedicated design
= ~4.5 billion Z events
= another order of magnitude improvement possible

Asymmetry parameters Relative branching ratios
Observable | PDG value Asgtat. Agyst. Observable | PDG value Agiar. Agyst.
A, 0.1515 0.00002 | 0.00015 /R, 0.0481 1x10% | 2x10°7
A, 0.142 0.00014 | 0.00014 1/R, 0.0481 4x1076 | 1x107°
A, 0.143 0.00021 | 0.00014 1/R, 0.0482 6 x1076 | 2x107°
A, 0.670 0.00013 | 0.00067 R, 0.172 1.5x107% | 4x107*
Ay 0.923 0.00007 | 0.00092 Ry 0.216 1.1x107% | 1.5 x 1074

Most measurements dominated by systematic uncertainties
More detailed study of systematic effects still pending...

A.F.Zarnecki (University of Warsaw) Precision measurements at CLIC March 8, 2022 17 /18
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Conclusions "%

Precision measurements at CLIC

CLIC program allows for a wide range of precision measurements:
Higgs couplings, top-quark properties, WW & two-fermion production...

Return-to-Z events at 380 GeV provide some improvement
to the knowledge of the Z-boson couplings

Significant improvement expected from running at 91 GeV
with dedicated design (Giga-Z stage)

A.F.Zarnecki (University of Warsaw) Precision measurements at CLIC March 8, 2022
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CLIC detector model: CLICdet

Solenoidal Magnet

Fine-grained

Based on detailed
Calorimeters

simulation studies,
detector R&D and
beam tests.

Main Tracking
Detector

12.8 m

Forward
Region

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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Higgs couplings at future colliders

|| | | | b2
Kw - Kt K Ku B Bripy
| | | u |
] e —— ————— — ]
wist . I I I
I | I ] |
00 04 08 1.2 16 20 00 04 08 12 16 20 00 08 1.6 24 32 0 1 2 3 4 5 00 06 12 18 24 3.0
| | | | | | |
Kz Kp Ke Kzy Brym
| |- | — | ______ =
| | | ] I frek
I L I | ] . i<t
I ] ] |
00 04 08 1.2 16 20 00 06 12 18 24 3.0 0 1 2 3 4 00 25 50 75 100 0 1 2 3 4
— — BN FCC-co4FCC-ch+FCC-hh CLIC3o
Ky Kg FCC-ee35+FCC-cerqy B 1LCs00-+ILC350+ILCaso
— ——= focen ‘L‘;{nglm . Higgs@FC WG
- e v
| I V= Kappa—S, AUgUSl 2019
I I B CLIC3000+CLIC;500+CLIC350  mmml HE-LHC k| < 1
All future colliders combined with HL-LHC
mm CLIC)500+CLIC380 HL-LHC |ky| <1 Uncertainty values on Ax in %
00 04 08 1.2 16 20 00 06 12 18 24 3.0 Limits on Br (%) at 95% CL.
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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:

El‘l;tfthreshold-n‘lfsl‘n‘éGe\‘/ T ' 1 ° top quark mass mt
—+"" | —QQbar_threshold 1.0 NNNLO B H
© [ —sRony 1 @ top quark width I,
1 1.2 |- —CLIC 350 GeV Nominal -
' t —CLIC 350 GeV LowCharge B H
K E @ strong coupling o,
15} L ] H
08l 3 e ton Yukawa counling y,
L e
0.6 -
0.4 } -
020 =
CLICdp 1
1 L L L L L L L L L L L
340 345 350
s [GeV] e

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 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 beam polarisation

@ measurements at different /s
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