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Proposed ee” linear collider
* High acceleration gradient 100 MV/m
 Two beam acceleration scheme

« Staged construction up to 3 TeV
— High precision physics
— Higgs, top, BSM
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o Misgbosemsinccolisons

Energy stage # Higgs produced

No triggers
350 GeV 100000
: —>all Higgs events used
1.4 TeV 430000
3 TeV 1400000 Event selection efficiency

20-60 %

Numbers for unpolarised beams

Polarised beams can enhance production
modes significantly

Polarisation Scaling factor

Ple"):P(e”) e'e"—ZH e'e”  —Hv.V, e'e —He'e

unpolarised 1.00 1.00 1.00
—80% : 0% 1.12 1.80 1.12

All results shown in the following are
based on realistic full detector simulations The CLIC detector
including the impact of beam-beam effects #528 by E. Sicking
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Higgsstrahlung ete>ZH
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< | L
T i
t 10 '3 WW fusion e'e>Hv,yv,
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| Recoll Method: ZHWh 2T (e

Higgsstrahlung dominant production

w

o

o
I

> _|
process at 380 GeV: 77| @ CLICdp 1s=350 GV
. ' . . X i ZH: Z— w'w i
Recoil mass measurement only possible in g | | simulated data. -
e“e” collisions o f ﬂ —fitted total :
+ 200 — —fitted signal —
© i | - - fitted background 7
i di-muons |
100
o
o Lo ’
ZH event identified from Z-recoil mass 100 150 200 GeV]
= Model independent measurement of EPJC 76, 72 (2016) )
o(ZH) and my arXiv:1708.08912
Ao (HZ)/c (HZ)=%+3.8% rec ._ EZ - pZ

Known at lepton colliders
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 RewolMethodwithZ3eg "

Fine grain calorimetry of CLIC detector ideal for particle flow reconstruction =
achieve high precision in hadronic channels

Ac (HZ) /o (HZ) =+ 1.8 % (Z=2qq, 350 GeV)

signal background

CLICdp Vs =350 GeV
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Simultaneous extraction:
* Three decay modes bb/cc/gg
-> precise flavour tagging

@

Vs =350 GeV, L=500 fb"!

Statistical uncertainty

* Production Mode: ZH or WW fusion Decay  Higgsstranlung  WW-fusion
~Higgs py spectrum H > bb 0.86 % 1.9%
H —cc 14 % 26 %
S H— gg 6.1% 10 %
& | cLicdp Vs=350Gev
= | —e*e = ZH—>Hvv;H—>bb
g 600l— —e*e" = WWvv — Hvv; H — bb | Hébb Hecc Hégg
= | --- SM background b) fit template: bb_ CLICdp Vs =350 GeV c) fit template: c© d) fit template: gg
|.|C.| ZH;Z - qg; H — bb ZH;Z - qg; H —cC ZH;Z - qq; H —gg
2001 -

150
Higgs P, [GeV]

Fit templates using 2D distributions of

EPJC 76, 72 (2016)

arXiv-1708.08912 bb vs cc likelihoods
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© lwiibleHigsDeys "

Invisible Higgs decays identified EPJC 76, 72 (2016)
with recoil mass technique in a arXiv:1708.08912

model independent way 8. ol CLICp (s=350GeV  ZH:Hoinvs.
; [Hsignal (100 % BR)
At first energy stage Sa000 [ Bbackground .
350 GeV, L=500 fb"! Yot ]
, 3000 |- -
BR(H-2>1inv) < 0.97 % at 90 % CL ‘ ]
2000 _

1000

80 100 120 140 160 180 200
M. [GeV]

Example: Recoil mass from Z=2>qq,
assuming 100 % invisible Higgs decays
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 Higgs coupling: projected sensitviey "

= 71 + Precision of all results limited by
CLICdp 0 .
% 12| model independent 1.2 0.8 % of 6(ZH) cross section
z | . measurement
E
2 I ] * No assumptions on additional Higgs
= = . - decays
° 1 1% llﬂ - ll'l%l@%ll%?%??% :L%[]l[] e
ﬂ ) 'T'T"I'T il H o [T SRS « Relevant correlations included
e c bt wz gy L] | | |
- Ty . 2 nll 1 * Higgs width extracted with 6.7 (350
I | GeV) — 3.5 % precision (all three
o 350 GeV,0.5ab’ stages)
0.8 - o +14TeV, 15ab" —
e +3TeV,3ab’
6(ZH) ~ g%y7

o(ZH) x BRIH>VV/f) ~ g% 8% vvme/ T
o(Hv.v,) x BRH>VV/A) ~ g?yww&nvvmsT i

based on EPJC 76, 72 (2016)
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© Higes coupling: projected sensitviy @) "

Model dependent fit: Assume SM decays Higgs only:
2 SM I’
i i SN 2ik; BR;
H
BR.:: SM branching fractions
May 2018
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ATLAS-PHYS-PUB-2014-016

Higgs Session, July 7 10 Matthias Weber
ICHEP 2018 CERN



t

o(ttH) directly sensitive
to top Yukawa coupling

H ZuH
Z
e t
o ttH-=>bbbbqqtv
Studied in two final states: o(ttH) sensitive to CP
ttszqq blv bb mixing in ttH coupling
ttH->bqq bqq bb ; ;o
2 A4 a9 By —igyp(cos @ +isingys)
951m11arsen81t1V1ty R — O
= | o cLICdp ] N% [ cLicdp -2~ Semi-leptonic |
\/ _ ~ » %1 A preliminary ls=1.4 Ter <03i Vs=1.4TeV - @~ Fully-hadronic |
S = 14 TeV, L - 15 ab % ' i o PHYSSIM | “F —— Combined R
A/ g1 = 3.8 %0 5t ool prefiminary 2
05} o 7-@-@---a----ca----13---@---g----a----@---@:::E
i 12 i o e . . ]
- o(ttH) vs sin“® : ' Sensitivity vs sin*®
Top physics at high-energy CLIC % 02 o4 o065 08 irfs %0 0z o4 06 08 Sn2 ,

# 527 by U. Schnoor
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~ DowbleHiggsProducton "

ete>HHvv: sensitive to quartic coupling g, and Higgs self-coupling A, profits

from operation at high energy .+ v et Ve

L=1.4 abat \s=1.4 TeV + 3 ab! at Vs=3 TeV: Measurement performed in

AN = 16% for P(e”) = -80% from the total cross section > bbbb final state
AMN = 10% for P(e”) = -80% from diff. distributions

Sizeable deviations of Higgs self-coupling from SM
expectation in several BSM scenarios

Model Aghhh/g}‘?f%
Mixed-in Singlet —18%
Composite Higgs tens of %
Minimal Supersymmetry —2 %% —15%®
NMSSM —25%
Phys. Rev. D 88, 055024 (2013)
Higgs Session, July 7 12 Matthias Weber
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o ConcusionandSummary "

* Alepton collider is capable to enhance the understanding of the Higgs boson
significantly beyond the precision of the HL-LHC

* Precise measurements of many Higgs couplings, Higgs mass and Higgs width
using Higgsstrahlung and WW fusion processes

* Cross section and total Higgs width measured in a model-independent way
* Access to ttH at second energy stage at CLIC

* Double Higgs production measurement profits from highest possible energies

Higgs Session, July 7 13 Matthias Weber
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8 TeV 14TeV 33 TeV 100 TeV
LHC LHC HE LHC VLHC
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Protons are compound objects:
* Unkown initial state
« Limits achievable precision

High QCD background rates
* Triggers needed
* High levels of radiation

High energy circular colliders feasible

e"e” point like
Well defined initial state (polarisation, Vs)
* High precision measurements

Cleaner experimental environment
* Triggers less readout possible
* Low levels of radiation

High energies (\'s > 350 GeV) require
linear collider

Higgs Session, July 7
ICHEP 2018
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| CuICrelated contribudons at ICHEP /"

Daniel Schulte: “The CLIC accelerator project status and plans™ #884

Eva Sicking: “The CLIC detector” #528

Ulrike Schnoor: “Top-quark physics at high-energy CLIC operation” #527
Aleksander Zarnecki: “Top quark physics at the first CLIC stage” #526

Roberto Franceschini: “BSM searches at CLIC” #525
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2013 - 2019 Development Phase

Development of a Project Plan for a
staged CLIC implementation in line with
LHC results; technical developments with
industry, performance studies for
accelerator parts and systems, detector
technology demonstrators

2019 - 2020 Decisions

Update of the European Strategy for
Particle Physics; decision towards a next
CERN project at the energy frontier
(e.g. CLIC, FCC)

2020 - 2025 Preparation Phase

Finalisation of implementation
parameters, preparation for industrial
procurement, Drive Beam Facility and
other system verifications, Technical
Proposal of the experiment, site
authorisation

2025 Construction Start 2035 First Beams
Ready for construction; Getting ready for data taking by
start of excavations the time the LHC programme

reaches completion

@ Compact Linear Collider

Higgs Session, July 7

ICHEP 2018
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o Syemadcuncertainties

Example: analysis o(Hv_v,) x BR(H->bb) statistical uncertainty 0.3 %

* Luminosity spectrum reconstructed from Bhabha scattering events = expected
uncertainties lead to 0.15 % syst on 6(Hv_v,) x BR(H->bb)

* Total luminosity: luminometer expected to reach accuracy of a few permille

* Beam polarisation: expected to be controlled to 0.2% using single W,Z,y events
with missing energy = syst uncertainty of 0.1 % on o(Hv_v,) x BR(H->bb)

 Jet energy scale: calibrated using e*e>Zv_v,, with Z>bb
biggest challenge for mass measurement, statistical uncertainty at 3 TeV 1s 44
MeV, systematic error of that scale requires JES uncertainty of 0.035 %

» Flavour tagging efficiency mostly affects the event rate = b-tagging uncertainties

lead to an syst uncertainty of 0.25 %

Higgs Session, July 7 19 Matthias Weber
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Vs =250 GeV
Vs = 250 GeV; HZ (Z— qq)
2250 ) ’
Q)
3
€200
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mqq/G eV

Vs = 250 GeV; Background

Vs = 350 GeV

Vs =350 GeV; HZ

(Z— 9qq)
--uq

100 110

mqq/GeV

@

Optimization study for first
CLIC stage

\s = 420 GeV

Vs = 420 GeV; HZ (Z- qq)

At 350 GeV highest precision in
Hadronic Z decays

At 250 GeV largest signal cross-

ORI o0 o section, but background more
Mo G0 signal like

At 450 GeV lower cross-section
and worse jet energy resolution

Slightly beyond 350 GeV optimal

:Tc])qz/ ol qu/Gevo 70 e :T?qoq/Go for top thSiCS as well
NG A c(HZ) AOyis. AGCnis. Aoc(HZ)
I 250GeV  500fb~! 136 fb +3.63% +0.45% +3.65%
iy v | S cic 2 o

arXiv:1509.02853
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Reconstructed invariant mass for
H->Z7"->qql*l selection at
Vs =1.4 TeV
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bb likelihood vs cc likelihood for e"e=>ZH hadronic Higgs decay study

a) simulated data

ZH;Z — qq; H — jets candidates —

d) fit template: gg
ZH;Z - qq;H — g9

b) fit template: bb CLICdp Vs =350 GeV c) fit template: ct
ZH;Z - qg;H — bb ZH;Z - qg;H — ¢t

g 1o
e 5.,
1030
d d
0.2 0.2
% 04 % 04

e) fit template: other decays
ZH; Z — qq; H — others

Matthias Weber

Higgs Session, July 7
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Vs =350 GeV

Vs =1.4 & 3 TeV

@

Statistical precision

Statistical precision

Channel Measurement Observable 350GeV
500fb "
ZH Recoil mass distribution my 110MeV
ZH 0(ZH) x BR(H — invisible) I}, 0.6%
ZH o(ZH) x BR(Z —1717) Shzz 3.8%
ZH 0(ZH) X BR(Z — qq) Shzz 1.8%
ZH G(ZH) x BR(H — bb) Shzz8hnn /Th 0.86%
ZH 0(ZH) x BR(H — c¢) Shzz8hee /T 14%
ZH 6(ZH) x BR(H — gg) 6.1%
ZH 6(ZH)x BR(H —1717) Shzz8hee /T 6.2%
ZH o(ZH)x BRH = WW")  g¢h o ehww /T 5.1%
Hv.v,  o(Hv.V.)x BR(H — bb) ghww ghn /T 1.9%
Hveve G(Hveve) e BR(H - CC) gI%IWWgIZ—Icc /FH 26%
Hv.v, o(Hv,Vv,) x BR(H — gg) 10%

Unpolarised electron beam

» Expected to collect more data with P(e”) = -80% at high energy

t: fast simulation
*. extrapolated from 1.4 to 3 TeV

Channel Measurement Observable 1.4TeV 3TeV
1.5ab~'  3.0ab"
Hv,.v, H — bb mass distribution my 47MeV  36MeV
ZH G(ZH) x BR(H — bb) Shzz8hon /T 33%  5.6%
Hv.v,  o(Hv.V,)x BR(H — bb) Shwwshon/ I 0.4% 0.3%
Hv.v,  o(Hv.V,) X BR(H — c¢) shwwehee/Tn  6.1% 5.6%
Hv.v,  o(Hv.V,)x BR(H — gg) 5.0% 3.5%
Hv.v, O(Hv.V,)xBRH—=1"1")  ghwwéie/In  42% 3.6%
Hv,v,  O(Hv.V)xBRH —>p 1)  ghwwehu /i 38% 20%
Hv,.V, o(Hv,V.) x BR(H — vy) 15% 8%"
Hv,V, o(Hv,V,) x BR(H — Z) 42% 24 %"
Hv.V,  o(Hv.V,)xBRH —WW"*)  ghww/Ii 1.0%  0.6%"
Hv.v,  o(Hv.V,)xBRMH—=ZZ")  ghwwé&izz/Iui  56%  32%"
He'e™ o(He'e )xBR(H —bb)  ghzzgiws/In 1.8% 1.9%"
ttH o(ttH) x BR(H — bb) Shushnn /T 7.3% -
HHv,v. o(HHv,V,) A 54 % 24%
HHv.v., with —80% e polarisation A 40 % 18%

Based on Eur. Phys. J. C 77,475 (2017)

Higgs Session, July 7
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_ Comparison of diferent collider options 4"

precision reach of the 12-parameter fit in Higgs basis

- W LHC 300/fb Higgs + LEP e*e"™>WW B CERC 240GeV (5/ab) + 350GeV (200/fb) .

. M LHC 3000/fb Higgs + LEP e*e"»WW B FCC+ee 240GeV (10/ab) + 350GeV (2.6/ab) 1

1 light shade: e*e™ collider only BILC | 250GeV (2/ab) + 350GeV (200/fb) + 500GeV (4/ab) H

- solid shade: combined with HL-LHC [ CLIC  350GeV (500/fb) + 1.4TeV (1.5/ab) + 3TeV (2/ab) 3

C blue line: individual constraints .

B red star: assuming zero aTGCs §

-1 ]

c 10°°¢ E
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5 107 E
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107
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* Many EFT parameters can be measured significantly better at CLIC
compared to the HL-LHC
 H—cc only accessible in at lepton colliders

arXiv:1704.02333
see also JHEP 1705, 096 (2017)
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. CuCbamenvionmen "

~ 20ms
— — = e — Not to scale

’ 312 bunches, 156 ns

\_/‘~\\\

0.5 ns

 ——

- - - - - =10, 40 nm, 1 nm
o,: 44 um

Low duty cycle 2power pulsing
High luminosity
Very small bunch size at IP
Very strong electromagnetic field from opposite
beam > Beamstrahlung
e Coherent and trident e*e" pairs very forward
* Contribution from incoherent e*e- pairs (3x10°

per BX) in detector region
* Main background in calorimeters and tracker

from yy->hadrons

(3.2 evts per BX at 3 TeV)
—>beam background reduced by prand timing cuts
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