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The Standard Model
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Standard Model: Higgs-H(125) discovery

ATLAS y CMS
“Higgs-H(125) discovery”
Phys. Lett. B716 (2012)

Physics Letters B cover

J. Fuster
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The Standard Model: Experimental pillars

Roman Kogler 2020, Gfitter group

arXiv: 1509.00672;1708.06355;1803.01853 http://project-gfitter.web.cern.ch/project-gfitter/Standard_Model/
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H(125) SM like but...
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The open questions about the “H(125)"” :

el e

is it the boson of the (minimal) Standard Model ?

is it an elementary or composite particle ?

is it unique/solitary ?

is it natural ?

is it the first supersymmetric particle ever observed ?

is it really “responsible” for the masses of all elementary
particles ?

is it mainly produced by top quarks or by new heavy vector-
like particles ?

is it at the origin of the matter-antimatter asymmetry ?

has it driven the inflationary expansion of the Universe ?

Need for precision and model independent tests

5 J. Fuster



New Physics require precise measurements

Effects are seen as “low scale new physics” => modification of Higgs properties !
« different patterns of deviations from SM prediction for different NP models

* size of deviations depends on NP scale

Tiny differences between best fit and SM. In general precision at ~“% or better is required
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New Physics require precise measurements

Effects are seen as “low scale new physics” => modification of Higgs properties !

Not only the values are important (~%)

but also the pattern of the deviations
- (to distinguish models) .
§2° OMSSM, tan=7, Ma=600 GeV ]
0 GeV\?2 R
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ma = 20‘ , L
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But not only the H(125) !!!

J. Fuster



But not only the H(125) !!!

J. Fuster



Stability of the Higgs potential (a personal, biased example)

Higgs quartic coupling A(u)

Vacuum Stability (A(A) > 0)
Degrassi et al, JHEP 1208 (2012) 098

A(A) the MS quartic Higgs Coupling Butazzo et al, 1307.3536 (2013)
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Top mass and W mass (a personal, biased example)
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Top mass and Higgs Mass relation (a personal, biased example)

Keeping present values/uncertainties of m, and my,

Need for New Physics @ Large Energy Scales
Vacuum Stability: Meta-stable Universe

Need for New Physics @ Large Energy Scales
Vacuum Stability: Unstable Universe

|
170 175 180
m[GeV]
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Top mass and Higgs Mass relation (a personal, biased example)

Keeping present values/uncertainties of m, and my,

170

|
175

180

m[GeV]

Need for New Physics @ Large Energy Scales
Vacuum Stability: Meta-stable Universe

Need for New Physics @ Large Energy Scales
Vacuum Stability: Unstable Universe

Global Fit— NNLO QCD
EW- Fits: HEPfit. & Gfitter
ATLAS & CMS

Combinations of “Direct
Measurements”

ATLAS & CMS

Total & Differential Cross-Sections
3D and tt+1jet
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Top mass and Higgs Mass relation (a personal, biased example)

Keeping present values/uncertainties of m, and my,

Need for New Physics @ Large Energy Scales
Vacuum Stability: Meta-stable Universe

Need for New Physics @ Large Energy Scales
Vacuum Stability: Unstable Universe

Global Fit— NNLO QCD
EW- Fits: HEPfit. & Gfitter
ATLAS & CMS

Combinations of “Direct
Measurements”

ATLAS & CMS

Total & Differential Cross-Sections
3D and tt+1jet
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Top mass and Higgs Mass relation (a personal, biased example)

Keeping present values/uncertainties of m, and my,

Need for New Physics @ Large Energy Scales
Vacuum Stability: Meta-stable Universe

Need for New Physics @ Large Energy Scales
Vacuum Stability: Unstable Universe

Global Fit— NNLO QCD
EW- Fits: HEPfit. & Gfitter
ATLAS & CMS

Combinations of “Direct
Measurements”

ATLAS & CMS

Total & Differential Cross-Sections
3D and tt+1jet

Future e+e- Collider

165 170 175 180
m[GeV]
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Top mass and Higgs Mass relation (a personal, biased example)

Keeping present values/uncertainties of m, and my,

Need for New Physics @ Large Energy Scales
Vacuum Stability: Meta-stable Universe

Need for New Physics @ Large Energy Scales
Vacuum Stability: Unstable Universe

HOUSTON WE HAVE A CHALLENGE !!!

A very interesting challenge in fact

Need to perform highly precise m, / m,, measurements:
» Develop new calculations/observables

* Improve experimental methods

165 170 175 Ultimate precision at e+e- future colliders

m[GeV]
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Dark Matter

Figure 4.6 Fritz Zwicky (1898
California Institute of Technology)

1974)

1930s: Fritz Zwicky studied the Coma galaxy cluster infering the
existence of unseen matter, which he referred to as dunkle
Materie “Dark Matter”.

Since then many other observations confirm the existence of
“Dark Matter” (gravitational lenses).

No candidate for “Dark Matter” in the SM

. oy The Invisible Universe
. .‘: % observed 4.
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M33 rotation curve

Y .
Galaxy Cluster Abell 2218
NASA, A. Fruchter and the ERO Team (STScl, ST-ECF
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H(125) discovered and new challenges appear

Reinhold Messner

o / AN
o o/ e
':’/ i

.
¥
fhid
1

o

Long and successful scientific programme, many studies,
resources, and investigations during years of research in
theory and experiment (PETRA, PEP, Babar, Belle, HERA, LEP,
Tevatron, LHC, etc..) have led to build up the Standard Model

I,
77
'

/

S 1

Culminated with the discovery of H(125)

But.. this is just one more “step” which allows us to
have a “better view” of what is next.

 One question answered, H(125)

 Many old questions remain (DM, etc..)

 New questions open
18
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H(125) discovered and new challenges appear

Fundamental questions to answer:

What establishes the Higgs mass ?, is it elementary/composite ?

Which is the mechanism behind electroweak symmetry breaking ? (one
or more Higgs)

What is the nature of Dark Matter ?
What drives inflation ?

Why the Universe is made out of matter ?

Our (main) tools in High Energy Physics:
H(125)

Top quark, b/c quarks,
W/Z bosons

Searches for new physics — new particles

19 J. Fuster



Our Instruments: The accelerators
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Continuous development last 90 years

New technologies have been necessary to
overcome saturation of past technologies
bringing new ranges of energy

Superconductivity is now the basic
technology but cannot be the last.
PLASMA acceleration can be the future
(potential improvement factor of 1000
accelerating power)

Challenges in Circular Colliders:
v Ultra-high field magnets
v Synchrotron radiation
Challenges in Linear Colliders:
v High gradient acceleration

v"  Use of nano-beams

See talks: Angeles Faus-Golfe & Ralf Wolfgang

20



Our Instruments: The accelerators landscape

p Eie e

> < > <

Linear Colliders:

2l
1o

In Operation & 250...1500...3000 GeV

2011-15 ~29 fb! @ 7/8 TeV

250...500...1000 GeV

=

-

=
O
=
N

EAFERIMEN|

~2020 ~160fb! @ 13 TeV Cirrcular Colliders:

~2035 3000 fb! @ 14 TeV HL-LHC CepC 90..250 GeV

Pronosar FCC-ee 240..350 GeV

FCC-hh @100 TeV & SppC @ 50-70 TeV (Others: yy>H, ep>HX, upu>H)

J. Fuster 21



Our instruments: e+e- Higgs Factories proposals

.
c s = -
€0  Physics Detectors =
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3 e — ®
@ e+ Source dni 1::" 8
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Conceptual Design Report published 2017
ILC: e+e- @ 250 GeV - 500 GeV — 1 TeV D e gngby vy
Technical Design Rep. in 2013 '
Staging proposal 2017: start at 250 GeV
Summer 2020: ICFA installed International
Development Team FCC: e+e- @ 90-350 GeV & pp @ 100 TeV
Now: preparing funding proposal for 4 years of pre- Conceptual Design Report published 2017
laboratory

_ it 1 S
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Timeline and possible scenarios for future colliders

Possible scenarios of future colliders ™ ::'oton °°'"7|?; mmmmm Construction/Transformation: heights of box construction cost/year
ectron collider )
Preparation
3 Electron-Proton collider P
S —_— AT ILC: 250 GeV 500 GeV 1TeV
3 vears Y. 2 ab* 4ab* =4-5.4 ab*
—_ =25 8/7years .

China
A

CERN

31km tunnel 40 km tunnel

100km tunnel CenC: 90/160/240 GeV
6 B/8 years 16/2.6/5.6 ab?

11 km tunnel CLIC: 380 GeV

S years 598/7years | 15ab?

350.365 GeV 17 8/11 years FCC hh; 150 TeV =20-30 abt
1.7ab

LA 10 5 8/10year

100km tunnel 475711 yeers FCC hh; 100 TeV 20-30 ab™*
24B/15 years FCC hh; 100 TeV 20-30 ab!
8 years
HL-LHC: 13 TeV 3-4 ab! HE-LHC: 27 TeV 10 ab* From Ursula Bassler
. . | . .
2years 178/6yea 3‘-225‘%:1 tg:v FCC-eh: 3.5 TeV 2 ab CERN Council president
BnuiE SoEsEnEEE SEEDEnErE SEEEEEiEnTN e lnEEE SDnsEnEEE SEnESnEEE ==l
2020 2030 2040 2050 2060 2070 2080 2090
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LHC and HL-LHC programme

LHC HL-LHC

LS1 EYETS LS2 LS3 14 TeV
13 TeV 13-14 TeV e s energy
Diodes Consolidation to X
8 TeV splice consolidation LIU Installation cryolimit HL-LHC nominal
7 TeV button collimators interaction luminosity
P — R2E project P7 11 T dip. coll. reg|ons installation

Civil Eng. P1-P5

27| e 2020 mee | ooz | zoae | zoes | e [

ATLAS -CMS radlauon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosity o ioimingl kamifosi HL upgrade
75% nominal luminosity - ALICE - LHCb } y 4
ﬂﬁmﬂfyny Upgrase
lntegrated
LS2 (2019-2020): LS3 (2024-2026):
O LHC Injectors Upgrade (LIU) O HL-LHC installation
O Civil engineering for HL-LHC equipment P1, P5 0 Phase-2 upgrade of ATLAS and CMS

O Installation of (part of) 11T Nb;Sn dipoles for HL-LHC

~— 180

= 160; un \ \§ un
O Phase-1 upgrade of LHC experiments g ! o tey ns ot
E 120?— 29 fb1 \ 160 fb-1
Run 1+ Run 2: g 8": pp, ATLAS and CMS /
ATLAS, CMS: ~189 fb'! (goal was 150); LHCb: ~10 fb! f \ / """

2011 2012 2013 2014 2015 2016 2017 2018
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Our Instruments: Detector challenges (as an example ILC & CLIC)

e Vertex, “flavour tag” (h —> b[;, cc, z'+z'_)
~1/5 rpeampipes ~1/30 pixel size (ILC wrt LHC), vtx 1-2 cm

— vix 2-3 cm (CLIC wrt ILC)

o, = Sum@®10um/ psin’* 6

e Tracking, “recoil mass”

(e"e” > Zh — "/~ X;incl. h — nothing) B oo =

= ;\|:1fo-‘](jSz1‘C'5 Ge‘;.""' -,-,--’-;/
~1/6 material, ~1/7 resolution (ILC wrt LHC), == L
B=4-5 T (CLIC and ILC) ==\
— -5 el
o(l/p)=5x%x10"/GeV L
e Particle Flow, Jet Energy Rec. = Tracker+Calorimetry //%
e Di-jet mass Resolution, Event Reconstruction, Hermiticity, coverage [ v

~1/2 resolution (ILC wrt LEP),

'. Redesign Forward Region, HCAL 7,5 | (CLIC wrt ILC) o,/E=03/ \/ E(GeV)
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Our Instruments: The detectors for Linear Colliders

ILD: a multi purpose detector for the ILC ..,

7833

* Excellent vertexing very close to the IP

* Hybrid tracking system optimized for
excellent resolution at high energies and
ultimate efficiency over a broad
momentum range

* Particle flow as the key design driver

Up to HCAL, all inside solenoidal coil of 3-4 T

Solenoidal Magnet

Superconducting magnet,
magnetic field of 4 tesla

Tracking Detector

Silicon pixel detector,
outer radius 1.5 metres

Vertex Detector

Ultra-low mass silicon pixel
detector, inner radius
31 millimetres

Tracking detector

Material: 1-2% X, / layer

Single-point resolution: 7 micrometres
Vertex detector

25 micrometre pixels

Material: 0.2% X, / layer

Single-point resolution: 3 micrometres
Forced air-flow cooling
Electromagnetic calorimeter
40 layers (silicon sensors, tungsten plates)
Material: 22 X, + 1\,

Hadronic calorimeter
60 layers (plastic scintillators, steel plates)
Material: 7.5\

Learn more about the CLIC detector at clic.cem

ILD

ILC EDB] &\CP‘;:::::? periments|
Return Yoke
Iron retum yoke with The CLIC detector model

detectors for muon ID

Fine-grained Calorimeters

Electromagnetic and hadronic calorimeters
used for particle flow analysis

Forward Region

Electromagnetic calorimeters
for luminosity measurement and
extended angular coverage

Height: 12.9 metres; Length: 11.4 metres; Weight: 8100 tonnes

HCAL

https://clicdp.web.cern.ch/

Forward Calorimeters Iron/Muon

J. Fuster



Our Instruments: The detectors for Circular Colliders

”Proof of principle concepts”

* Not necessarily matching (all) detector requirements, which are still being spelled out

Mogens Dam

ECFA detector R&D Roadmap

CLD

+— 106m —

+ Based on CLIC detector design; profits from technology
developments carried out for LCs (c.f. F.Simon’s talk)

a All silicon vertex detector and tracker
0 3D-imaging highly-granular calorimeter system
a Coil outside calorimeter system

https://arxiv.org/abs/1911.12230, https://arxiv.org/abs/1905.02520

(Feb, 2021)

Instrumented return yoke

IDEA

Double Readout Calorimeter
2 Tcoll

Ultra-light Tracker

MAPS %o
—
\ SE,

LumiCal

Pre-shower counters

+— 13, —————
+ New, innovative, possibly more cost-effective concept
o Silicon vertex detector
a Short-drift, ultra-light wire chamber
a Dual-readout calorimeter

a Thin and light solenoid coil inside calorimeter system

https://pos.sissa.it/390/

J. Fuster

CEPCCDR
arXiv:1811.10545
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Conceptual differences: pp vs. e+e-
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All limits at 95% CL

pp (LHC, HL-LHC, FCC-hh):

Higher energy, higher statistics

3
@ 230 [NLSP:f,
5

<200 f — Exclusion

150 | — Discovery g

[
100 6‘@
3 ﬁ\p 32
50 B Q’S'
0 1

0 50 100 150 200 250
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e+e- (ILC, CLIC, FCC-ee, CEPC:

Higher sensitivity, higher precision

pp reaches higher energies and higher statistics but can miss important effects due to larger
backgrounds and systematics. Tevatron could not observe a clear signal of the Higgs boson though
more than 20000 Higgs events were produced at the collider.

e+e- allows to measure the Higgs properties in an easy and model-independent way at ~250 GeV.

Signal/background events in pp collisions are produced through process which differ in various orders
(higher backfgrounds) whereas in e+e- all process are produced at similar rates.

J. Fuster
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The European Strategy 2020

HL-LHC (highest priority):

The successful completion of the high-luminosity upgrade of the machine and detectors should remain the focal
point of European particle physics. The full physics potential of the LHC and the HL-LHC, including the study of
flavour physics and the quark-gluon plasma.

Europe, and CERN through the Neutrino Platform:

Continue to support long baseline experiments in Japan and the United States. In particular, they should continue
to collaborate with the United States and other international partners towards the successful implementation of
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino Experiment (DUNE).

General Considerations:

This Strategy update should be implemented to ensure Europe’s continued scientific and technological leadership.

The particle physics community must further strengthen the unique ecosystem of research centres in Europe. In
particular, cooperative programmes between CERN and these research centres should be expanded and sustained
with adequate resources in order to address the objectives set out in the Strategy update.

The implementation of the Strategy should proceed in strong collaboration with global partners and neighbouring
fields.

—

Future Colliders:

An electron-positron Higgs factory is the highest-priority next collider. For the longer term, the European particle
physics community has the ambition to operate a proton-proton collider at the highest achievable energy.

S
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The European Strategy 2020: Future Colliders

5T @—

igh-priority future
itiatives

A. An electron-positron Higgs factory is the highest-priority next collider. For the
longer term, the European particle physics community has the ambition to operate a
proton-proton collider at the highest achievable energy. Accomplishing these compelling
goals will require innovation and cutting-edge technology:

« the particle physics community should ramp up Its R&D effort focused
on advanced accelerator technologles, In particular that for high-field
superconducting magnets, Including high-temperature superconductors;

- Europe, together with Its International partners, should Investigate the technical
and financlal feasibllity of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibllity study of the colllders and
related Infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.

The timely reallsation of the electron-positron International Linear Colllder (ILC)
In Japan would be compatible with this strategy and, In that case, the European
particle physlcs community would wish to collaborate.

B. Innovative accelerator technology underpins the physics reach of high-energy
and high-intensity colliders. It is also a powerful driver for many accelerator-based
fields of science and industry. The technologies under consideration include high-field
magnets, high-temperature superconductors, plasma wakefield acceleration and other
high-gradient accelerating structures, bright muon beams, energy recovery linacs.

The European particle physics community must intensify accelerator R&D and
sustain It with adequate resources. A roadmap should prioritise the technology,
taking Into account synergles with International partners and other communities
such as photon and neutron sources, fuslon energy and Industry. Dellverables for
this decade should be defined In a timely fashion and coordinated among CERN
and natlonal laboratorles and Institutes.

J. Fuster

» Highest priority: Higgs Factory

 R&D effort in accelerator technology

and in particular to develop high field

Explore and investigate the possibility
to build a future hadron collider of 100
TeV with an e+e- collider as first stage
which operate at Z° Higgs and Top-
quark thresholds

Timely realization of the International
Linear Collider in Japan is compatible
with the European strategy thus
including European
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The European Strategy 2020: Implementation

ECFA statement (endorsed at the Plenary ECFA meeting on 13 July 2020)

ECFA recognizes the need for the experimental and theoretical communities involved in physics studies,
experiment designs and detector technologies at future Higgs factories to gather. ECFA supports a
series of workshops with the aim to share challenges and expertise, to explore synergies in their
efforts and to respond coherently to this priority in the European Strategy for Particle Physics

(ESPP).

Goal: bring the entire e*e- Higgs factory effort together, foster cooperation across various
projects, collaborative research programs are to emerge

Setting up an International Advisory Committee (IAC) was agreed to be the next step with
involvement of some RECFA members and European leaders of possible future Higgs factories. In

addition the (HL)-LHC community should be represented.
(discussed in Nov. 2020 RECFA meeting)
K. Jakobs (RECFA meeting, 2021)

ECFA

European Committee for

RECFA meeting, 12" March 2021

J. Fuster 31



The European Strategy 2020: Implementation

International Advisory Committee

* International Advisory Committee

ECFA-chair would act as chair: Karl Jakobs

From RECFA: Jean-Claude Brient, Tadeusz Lesiak, Chiara Meroni

With (HL-)LHC experience: Jorgen D’Hondt, Max Klein, Aleandro Nisati, Roberto Tenchini
For theory: Christophe Grojean, Andrea Wulzer

For Linear Colliders: Steinar Stapnes, Juan Fuster, Frank Simon, Aidan Robson

For Circular Colliders: Alain Blondel, Mogens Dam, Patrick Janot, Guy Wilkinson

For CERN: Joachim Mnich

O O OO O 0 O

* Objective to have a first meeting in January 2021

Meetings on: 7 Jan, 25 Jan, 9 Feb, and 3 March

K. Jakobs (RECFA meeting, 2021)

ECFA e

European Committee for !E_, ira

RECFA meeting, 12t March 2021
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The European Strategy 2020: Implementation

Physics, Experiments & Detector studies for an e*e- Higgs factory

« More detailed mandates for possible Working Groups 1 and 2 have been prepared
(linked to Agenda page, next pages)

» Possible names for conveners have been discussed and the IAC agreed on the following
proposal:

WG 1: Juan Alcaraz (Madrid), Jenny List (DESY)
James Wells (Michigan), Fabio Maltoni (Louvain / Bologna)

WG 2: Patrizia Azzi (Padova / CERN), Dirk Zerwas (IJCLab)
Fulvio Piccinini (Pavia)

K. Jakobs (RECFA meeting, 2021)

ECFA

European Committee for

RECFA meeting, 12 March 2021 7
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Challenging projects.. difficult times...

Let’s take a glance to the physics programme

Roman soldiers were making fun of a spartan as
he was a lame person and was going to a battle

His answer was:

“my mission is to fight not to flee”

Valerio Maximo, year 31st aC

Factorum et dictorum memorabilium

34



physics potential for e+e- colliders

* Physics case:

e Physics programme very similar to all machines within the
same energy range

Higgs physics (SM and non-SM)

Top
SUSY

Dark matter

New Z’ sector
Contact interactions
Extra dimensions

FCC-ee

CEPC

CLIC

ILC

9% o SUSY model Ili
8% =10%F tt 1
7% S =
6% 1 — 0%
5 10°F —1 :
5% — Charai
(O]
4% w
3% @ 10F :
2‘0 3 SM i
SSM (taryi = 5, M, = 700 GaV) 4 6 1 r =q
?g 15% - s O Wy Ky Ky Ny ey Kep / > — neutralinos
§ ' 10'F '_;:i'!
: 5%
& 8
£ ouf-8 . P e | :
8 . 0 1000 2000 3000
§ , Vs [GeV]
~10%|
15% -
Higgs boson Production Cross-Sections
3 154, i
£ L -f s 3
’ n:--r‘; %ﬂ“ ¥
§ oM i 8 250 & s o I
it St f
" 109 | - | t
| b L €= A B |
5% , , g 1 J\A i
i L-.,af_‘“ Rt e 1

FCC-ee: The Lepton Collider: Future Circular Collider Conceptual Report, Volume 2
CER-ACC-2018-0057

CEPC Conceptual Design Report: Volume 2, Physics & Detector arXiv:1811.10545

CLIC CDR, arXiv:1202.5940,1209.2543; Updated baseline for a staged Compact Linear Collider
arXiv:1608.07537

ILC Technical Design Report, Volume 2, arXiv:1306.6352;
The International Linear Collider: A Global Project arXiv1903.01629
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tH, nZ

Cross Sections

- SRR VO

J. Fuster



Using polarized beams means...

The magic of polarization: more observables & in some cases higher cross sections

background suppression:

« e'e-WW/w € gl e

strongly P-dependent
since t-channel only

fOI’ e—Le+R 4 //\

signal enhancement:

* Higgs production
in WW fusion

* many BSM processes

have strong polarisation dependence => higher S/B

chiral analysis:

9L O'R, 04, g%

o SM: Z and y differ in

couplings to left- and
right-handed fermions

« BSM:

chiral structure unknown, needs to be determined!

General references on polarised e+e— physics:

K, Fuji et al., arXiv:1801.02840

G Moortgat-Pick et al., Phys. Rept. 460 (2008) 131-243

36

redundancy & control of systematics:

“‘wrong” polarisation yields “signal-free” control
sample

flipping positron polarisation controls nuisance
effects on observables relying on electron
polarisation

essential: fast helicity reversal for both beams!

J. List IFIC-seminar , April 2021

J. Fuster



e+e- Higgs Physics

e 7 Mass

2 P T o ™ simy > 250 GeV
g 10° / H &b S (LHC)-invisible
T 10
J:j:; 1 r{ >350 GeV
O E
10"F 3 >500 GeV|'
10_2 1 | e H

e [ | Vs [GeV] y 1B 15500 GeV

CLIC Ll |
CerC Ll
FCC-ee b

energy range of
e*e projects

1
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Model independent tests @ 240-250 GeV

P(e, e*)-( -0.8, 0. 3), -125 GeV

400 [
" — SM all ffh I

—~ i —n 1

8300_ — WW fusion 4

C i ZZ fusion |

O L

'05 ke

0200

2 i

(7)) E

m -~ 'y PGaaas

100}

O I

0
200 250 300 350 400 450 500
\s (GeV)

ILC prospects as an example but similar to all e+e- colliders options
For detailed precision see arXiv:1708.08912

38

Mi= M2_, =s+M3}—2Ez/s

Production dominated by Zh
( ILC with 2 ab-1 =>~600 000 Zh events)

Measurements/Observables:

(recoil) mass

total Zh cross section: the key to model-
independent

h-> invisible (Dark Matter!):
expected limit < 0.3% @ 95%

all kinds of branching ratios
CP properties of h-fermion coupling

CP properties of Zh coupling

J. Fuster



Model independent tests @ 240-250 GeV

P(e, €*)=(-0.8, 0.3), M =125 GeV " £l
400 7
L — SM all ffh 2

—~ =z :
H'C—)3OO = T T T = -
- - —e— Data ]
O = —— Signal+Background — )
O " : 1 ,u =s+MZ—-2Ez/s
8200 ! Signal ]
3 :— - Background —: by Zh
8 B e+ u'w + X @250Gev | 20000 Zh events)
=100 — ] vables:
@) 0 4

0 P < . ction: the key to model-

200 250 0 :4 T W St S _ndior R W e g L= L:

110 120 130 140 150  ‘kMatterl).

. 0.3% @ 95%
Recoil Mass (GeV/c?) =~~~
“hing ratios

* CP properties of h-fermion coupling
o ) ) * CP properties of Zh coupling
ILC prospects as an example but similar to all e+e- colliders options
For detailed precision see arXiv:1708.08912
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Model independent tests @ 240-250 GeV

Absolute coupling and width measurement

; : . 11—
o Higgs tagged by a Z, Higgs mass from Z recoil 3 f &
O] [ [zn 5ab™ ]
3 . 0z i
s | [Jww ]
Woasf :
10f- R
5t ¢
2 2 I
m,‘,=s+m§—2\/;(E++E_) E i,
50 60 70 80 90 100 110120 130 140 150
Mgecoil (GeV)
+ Total rate « g,;,,> — measure g,,,; t0 0.2%
¢ ZH— ZZZ final state x g,,;,% /T — measure [, to a couple %

¢ ZH— ZXX final state « g,y 9,7, /Ty — measure g, to a few per-mil / per-cent
+ Empty recoil = invisible Higgs width; Funny recoil = exotic Higgs decays

o Note: The HL-LHC is a great Higgs factory (109 Higgs produced) but ...

& O onee) 5 Oprod (91i)* (Iue)* [ Ty
e Difficult to extract the couplings : 0,4 is uncertain and I'y; is largely unknown

= Must do physics with ratios or with additional assumptions.

FCC-ee prospects, Patrick Janot, FCC-ee workshop, CERN Jan. 2019
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Higgs couplings

ILC Model independent tests

* 2 ab-1 polarised =~ 5 ab-! unpolarised .
A. Blondel et al., arXiv2106,13885

* adding 500 GeV improves up to a factor of ~2

7 arXiv:1903.01629 80 180
. . - FCC-ee (EW) =
2 Model Independent Fit LCC Physics WG HEP[T . =
o (1] B Bl AP N Py P A Y S PRE AR s S PP R G o3 - FCC-ee (nggs) —] 70
0 35| ® Huethe 2 e'e 5ab’ 250 GeV unp d - . -
8’ B HL-LHC ©e'e 2 ab" 250 GeV polarised [= B FCC-ce (EW+Higgs) ]
ﬁ . e e’e' 4 gb" 500 GeV po]gﬂud 60 __ ......................................................................................................................................... __ 60
= 3= dark/light: $1/52 = - e
(&) é = == 50
§ 25 % F =
[— —40
o D = .
o 2 ............................. — = =
Q = —
é — 30 E s
= 1.0 e <2 z i 20
k) 1% - 3
= ° - =
g — = 10
8 05 = 3
(O] - -
S
o

O : i oG W 9B Oy D 9@ ¢ uy 9 @ b U

0O 0 00 O O 0Wo®»0 0WO®0 O O O O O O
1 e g 9 M
Z Wb t g ¢ I'uT'pyy Zyunw t A

Model Independent tests allow for:

* No assumption for generation universality, unitarity, nor on BSM

* Apart fromy, t, 1, accuracy is ~“1 % or less (level that is meaningful in distinguishing models)
* The total Higgs width is extracted with a few percent uncertainty

* H->invisible with high accuracy

* Several channels (e.g.: H->cc, gg) very difficult in hadron collisions

* Coupling to the photon benefits from combination with HL-LHC which would provide I(H->yy)/I(H->ZZ*)

Ta



Deviations in Higgs couplings

Mass-couplmg relatlon

1l Any deviation from the stralght t
" - line signals BSM! =
=) r
= -
£ 01
= S>M
3 b
W] >
001, ¢t~
: I? Different models predict
L different deviation patterns! |
= o
Mass (GeV)

ACFA Report

New Physics at 1 TeV imply A~10%

%-level precision needed and HL-LHC not enough.

Only e+e- colliders can do it.

K. Fujii 2016, Paris

Decoupling Theorem

When new physics at scale M are large, low energy
theory is the SM. Up to m2/M? [0(1-10)% for M=TeV]

i.e., 1% precision will mean M=3 TeV

(M. Peskin)

example 1: Minimal SUSY
(MSSM : tanB=5, radiative correction

factor = 1)
Ghbb
Ghanbb

2

1 TeV
_1+1.7%( : )
ma

heavy Higgs mass

Ghrr

g'ls“TT

example 2: Minimal Composite

Higgs Model
T 2
VY~ 1-83% (' l‘v)
GhsaVV f

composite scale
J. Fuster
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Higgs self coupling

The Higgs self-coupling is at the heart of EWSB

)
b5 05
=
2 04
(6]
()
N 03
w
S
¥ 0.2
0.1
Challenging channel (low cross-section and presence of 0
irreducible backgrounds)
arXiv:1310.0763 ILC500 ILC500-up ILC1000 ILC1000-up
V5 (GeV) 500 500 500/1000 500/1000
[ cdt (b~") 500 1600° 50041000 16004-2500*
P(e",et) | (-0.8,0.3) (-0.8,0.3) (—0.8,0.3/0.2) (—0.8,0.3/0.2)
o(ZHH) 42.7% 42.7% 23.7%
o(vvHH) 26.3% 16.7%
A 83% 46% 21% 13%

27% (H20)

P(e+,e-)=(0.3,-0.8): — Higgs-strahlung (ZHH)
~ WW-fusion (v v HH)

P(e+,e-)=(0.6,-0.8): ... Higgs-strahlung (ZHH)
«=« WW-fusion (v v _HH)

m,=125 GeV

600 800 1000 1200 1400
centre of mass energy [GeV]

400

('T.1C (arXiv: 1307.5288)

1.4 TeV +3 TeV
(1.5abl) | (2ab?)

21% 10%

On-going studies (full detector simulation) show the possibility to have A ~ O(10%)

K. Fujii, 2016
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Bottom physics at Higgs Factory

0,

0,b
A,

0,c

had
fb

0.23099 + 0.00053

0.23221 £0.00029
0.23220 £ 0.00081

x*

0.2324 £ 0.0012

0.23153 £ 0.00016
x°/d.ot:11.8/5

0.23

- - .
0.232

- T -
0.234

. 2 lept

sin“0

eff

br compositeness could explain e.g. long-standing tension
between two most precise determinations of sin29eff- one
of them from A, FB(MZ)

Remeasure couplings of b and A,F8(250GeV) and improve
on LEP1?

Allowing to test New
Physics up to 60 TeV

10 - Relative accuracy %

LEP1
ILC 250 GeV

FlVem F1lvzZz F1VA glZ gRZ

S. Bilokin, arXiv 1709.04289
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Polarization and electroweak studies @ Z-pole

At least factor 10, often ~50
improvement over LEP/SLC

Note in particular A_is nearly 100 x
better thanks to excellent
charm/anti-charm tagging:

e ultra-precise vertex
detector

* Tiny beam spot

e Kaon-ID using DE/dX /in
ILD s TPC)

Absolute uUncertainty

—

I Illlllll I IIIIIIII I IIIIIIII I Illlllll I IIIHIII I Illlllll

—
9

—
o
o

o3

10+

10°°

. ILC/GigaZ

. LEP/SLC

| | FCCee
R, A, R, Ag A, A,

Ar sin"’e'eﬁ A,

K. Fuji et al, arXiv1908,11299

ILC/GigaZ is 2-3 less precise than FCCee’s unpolarised TeraZ

Use of polarization accounts for a factor of ~100 in luminosity

J. Fuster
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Top-quark physics at e+e- colliders

Cross Sections

210 g ' '

g E* -----------------------------------------------------------------
§10°F  ttH, ttZ, ttg*, tt

§ 10: ttH (with ¢t bound-state effects)

: -~\—<""‘.};};f—..’-_f-..'-.f-..'-.f-,.%f-..%f-.i}i}i}i:::::. .......................................................................
O

- m e
- e o o

-------- I'"'_"ttH (nggs radlated off Z)-
700 800 900 1000
\'s (GeV)

Unpolarized cross sections.

Need to reach higher energies > 350 GeV
For ttH: m, = 120 GeV
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Top-quark physics at e+e- colliders: the mass

> f cMS Standard Model Physics at the HL-LHC and HE-LHC, arXiv:1902.04070  Z.Z. Xing et al. et al, Phys.Rev. D72 (2008) 113016
S sy Preliminary Projection . . e -

e b ipon. i yiu HL-LHC (higher statistics):

S 2.5 - "' 1 ol

> | < s * Possibility to use rare decays (J/Y)

< 2 T smess single t, arXiv:1703. e Q

e E * Restrict phase space regions

é — \ » Better control of systematics/modelling

s Ir Sl !

g [

* Expected accuracy: 200-300 MeV

200 400 600 800 1000

O Runl 03ab’ 14TeV 3ab" 14 TeV

u[GeV]
T 07— 05— 01T * Need to develop further present theory calculations/predictions
,' o ]1 l * New observables or/and use of different mass definitions. To be explored
0% exp)_0.4%(heor 1.2
o The threshold: Collider e+e- (at top threshold): H. Abramowicz et al., CLICdp Collab., arXiv:1807.02441
D b e * Well-defined mass scheme
éos * Access to top-width and Yukawa coupling
Zoa * Expected accuracy: m,~ 40-75 MeV; I',~100 MeV; y,~15%

o
w

Collider e+e- (at continuum above top threshold):
* Well-defined mass scheme

» After 1-2 years data taking better accuracy than LHC/HL-LHC complete programme

o
n

o©
%

0
340 345 350 ~
* E d : 100-150 MeV
/s [GeV] Xpected accuracy: m; = e
[2]
-
S L I 4 Statistical uncertainty (luminosity spectrum unaccounted) Statistical uncertainty (luminosity spectrum accounted) ol tt f ole t J(
> 600 - - —— CLIC 380 GeV, 10 degre: —— CLIC 380 GeV, 10 degree coverage
w 400 —— ILC 500 GeV, 10 de 300 Systematic uncertainties L e~ p,
CLIC systematic un —
350 -~ ILC systematic uncertainties _ e e /p
3 250 , ,
400+ - 2 7 b 8 = (P~ +7
>
£ 200
4
L 5 150
= )
200 . g o 1 2E.,
2 100 — R R/ o
CLICdp 1 H Vs
Pm=1ab"
0 I I i 50
330 340 350 360 370 380 .
S’ [GeV] 0 500 1000 1500 2000 2500 3000 3500 4000 0 0 200 200 600 800 1000

Integrated luminosity (fb=) 47 Integrated luminosity (fo~1) J . F U Ste r



Top-quark physics at e+e- colliders: Anomalous top couplings

BSM: Anomalous top couplings @ >500 GeV

Top anomalous couplings:

e Distinguish variety of BSM models.

e Use beam polarization (separates y
and Z, Rand L)

* Sensitivity up to 20 TeV

Uncertainty

Ag /g, @
- +20%

nnnnnnnnnnnnnn
,,,,,,,,,,,,,
"y

LHC Precision

“,
%,
,
2,
,
", "y,
0 ",
& . a
0, ey,
”, ',
@y, +10%
oy, - Ty,
s, ",
0, i,
s, es,
", ",
", "y,
s,
s,
',
s,

ILC Precm(: n AgR/ g
B O 1 | T | 1
| L 1

l 'I['l‘"l
-20% -10% - SM  +10% *20%'111,,1,’”’4, 30%
®

404,

= -10%
"
"1y,

[ -20%

ILD-PHYS-PUB-2019-007, arXiv:1908.11299, Eur.Phys.J. C78 (2018) 2, 155

T — CP violating

B -NL-LNC. Vs =14 TeV, L =3000 fo"
- Pays.Rev.D71 (2006) 054013, Phys.Rev.D73 (2008 034018

[B] 1c initial, Vs = 500 Gev, L = 500 tb” ja §
L 2 : FCC-ee, Y8=365 GeV, L=2400 fb
e Ill1LC nominal, Vs =500 Gev. L = 4000 1o r anxiv:1503.01325

CLIC initial, {5 = 380 GeV, L =500 fb’ %
CP conserving
107'E

[
- ILC, Y3=500 GeV, L=3200 fb”' (preliminary)

LEP+HL-LHC-S2
1E - anxiv:1907.10619

Uncertainty

[ [ cuc. {s=3Tev, L=3000 1"

107'E
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Top-quark physics at e+e- colliders: Yukawa coupling

’} Production threshold at 475 GeV

SM s(ttH) = 0.45fb @ 500 GeV

ILC running scenario Ay, = 6.3%

-
o

(@550 GeV Ay, = 2.5%)

s e S e e, i

(strong dependence on the CMS energy)

—
TTT71

@ 1 TeV and 4ab?!; Ay, =1.4% (ILC)

Scaled to value at 500 GeV

—
Q
-

480 500 520 540 560 580 600
Energy (GeV)

@ 1.4 TeV and 1.5ab?; Ay, = 4.4% (CLIC)

Phys.Rev. D84 (2011) 014033 & arXiv:1506.07830
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New Physics: direct searches (power of beam polarization)

{/

+ - +
€q ,/’W % v
f Ve
€ W e W
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New Physics: direct searches (power of beam polarization)

7, signal . M
SLOP + b) Pole =+0.9
\s=350 Gev LR
100fb” . -~
eua Hr
SM background
pwo s
el wt e W
A %
e w e W
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New Physics: Dark Matter

WIMP searches at colliders are complementary to direct/indirect searches.
Examples at the ILC:

Higgs Invisible Decays Monophoton Searches
T i
S a00) ILD Simulation E@, e y X
i E \p{il(:e?g?) EE(YO.B.-OB) —per
2 1200+ 250 b’
& 1000f
800f
sook
400
200
Q0 110 120 130 140 150 160 et X
Recoil Mass [GeV]
BR(H->invis.) < 0.4% at 250 GeV, 1150 fb-1 > DM mass sensitivity nearly half \s
Impact of jet energy resolution Soft photons, forward detectors
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New Physics: Dark Matter

> 500GeV,5000" 1D
= + - o — ’ b
mono phOton s€a rCh €€ éxx‘y 8 L. Effect of polarisation: background 3
~ C — P(e,e®)=( 0%, 0%) 2
~— - e P(e,e*) = (+80%, 0%) g
- R = o _ » ';‘ — P(e &%) = (+80%,-30%) §
! v € *A\,d':\'/'/ v e \/ E 104 Y S P(e ’e+) = (+80°/o,'60°/o) |
Z E g o 2 g
""" | ” n i / q.>) N o .
ot i S //\ 7 o //\,\ 7 3+ : :

Main SM background: e+e—>vvy 10° E E
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 :
Polarization: Background reduction of ~10x 0 50 100 150 200 250
E, [GeV]
= | Vector, M(;)=1GeV = |
8 10° = e:lc:)cil}fieé/ghotoﬁ spectra 10 TeV'! 3
. — B extrapolation 7]
Dark matter search in e+e-: g [ Efulsm "
< E 2 TeV -
 Polarization: Reduces background o U 1
= CEPC/ =
L. CILC F(Etc-ee FCC-ee CLIC ILC CLIC CLIC I
. [ 250GeV 2 2
* CMS energy: Improves sensitivity T il Bl B R
as it increases _pol. mix. unpol. unpol. Pe=+80% Pe=+80% Pe =+80% Pe = ¥ 3
Pe*= -30%
M. Habermehl et al., Phys. Rev. D 101 (2020) 7 N ~ton se G running scenario
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Conclusion, 15 part

Interesting and busy times to come:

* HL-LHC a compelling physics programme to be accomplished
* e+e- Higgs factory the next collider

Higgs factory proposals:

@ 250 GeV all (circular vs linear) have similar performance
(statistics vs polarization)

* Energy range, technical readiness, timescales are the main
issue

J. Fuster 54



Conclusion, 2"¥ part: El Roto

UN €XPERTD M€ HA DICHO QUE SOLO LoS mAS
GRANDES Y mAS AGRESIVOS SOBREVIVIREMOS

“An expert has
told me that only
the largest and
most aggressive
will survive”

Sense titol, 2009

J. Fuster 55



s
s "
y
z .
= \
=3
& 30N

L 3

| - TR
T T =

L - 3
.‘ E . - “ \\ .‘\
w2 N L \ ) :
- -!‘ : . “. \
. b 1




Higgs Factories and power consumption

Inst. Luminosity [10°* s cm2]

—
o
N

Y
o

Luminosity

=—e— FCCee

=—8-= CEPC

=== |LC baseline

==& = |LC luminosity upgrade H
v [ILC 10 Hz operation _
CLIC :

Center-of-Mass Energy [TeV]

Consumption

- H ! I H H H H H H H ! I
; = AC Power vs Energy of Future e*e” Colliders : =
i | == FCCee
2 600 || cene N — — oo
o | | | —— ILC baseline I
D i | ==& - 1LC luminosity upgrade
; [~ i [+ ILC 10 Hz operation 1
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A- 400 -
Q
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J. Fuster
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Higgs Factories and power consumption

Consumo/Luminosidad

—i
o
[\)

Power [MW] / Lumi [10°** s cm?]

AC P;)wer./ Lu.mi \.IS Enéréy of Future e"e: Collider.s

105 / /| rocee E
— | —=— cepc B~

f— ;..o AT ILC baseline R -
[/ | <o ILC luminosity upgrade 3

: noann ILC 10 Hz operation
R R e =
1 _.;:::I:::i::::::::::::Z::I:::::::I::Z::Z:::::::I::Z::I::::I:::::Z:I::::::I:::::II::::I::::I:Z:t'Z:::::::::Z::I::::::::I:Z::Z::::::::;I::IZZZZZIZZI:

Polarizacion >80% e-, 30-40% e*: aumenta un factor 2.5 en luminosidad (no visualizado en el grafico)
Lineal: no tiene perdida energética debido a radiacion sincrotrén (AE ~ (E/m)*R1) ---> Menor consumo

Circular: mayor luminosidad a bajas energias (<250 GeV). Lineal necesario alcanzar nano-haces
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El Colisionador Lineal Internacional (ILC) en Japon

;i:v;i[:ew;:ﬂ Effort
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El Colisionador Lineal Internacional (ILC)

ILC250 Acc. Design Overview

S. Michizono (LCWS21, 2021)

{\/ \/ Damping Ring
)b 4 t,q_‘}; )
e £ ~
V- &N
, ~
~
_ i -
\ :'/,. ~ ~
~
. ~ ~
Physics Detectors ~

C.M. Energy 250 GeV
Length 20km
Luminosity 1.35 x1034 cm2st
Repetition 5Hz
Beam Pulse Period 0.73 ms
Nano-beam Technology
Beam Current 5.8 mA (in pulse)
few - SRF Accelerating Technology . . Bzl e S B Anm 2o 0C e
R 1 MO I I i ‘f SRF C avity G 31.5 MV/ m
- - IEEERAERYEN _><_ (35 MV/m)
IP - 10
main linac ! ! % Q = 1x10
compressor collimation
2 LC community meeting (Apr. 8,2019)
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ILC: Capacidad de construccion/experiencia a nivel mundial

SRF accelerators in the world

Largest deployment of
this technology to date
- 100 cryomodules

- 800 cavities

- 17.5 GeV (pulsed)

Kitakami
proposed ILC site

Cornell

@DESY

. IHEP® KEK®
Saclay @ INFN Milan S
© SHINE @
-75 cyromodules =5 R '
-~600 cavities R
R US infrastructure for -8 GeV (CW) - A
§ - 35 cryomodules =
- 280 cavities
- 4 GeV (CW)

1.3GHz 9 cell cavity

Tecnologia madura e industrializaciéon probada



ILC: nano-haces una tecnologia demostrada

ATF-2 nano-beam collaboration

—-' 3 9 Institute of High Energy Physics
'.;_;:?;4_4)4: Chinese Academy of Sciences
’ THE U\u\ msm OF ToKYO ’app
L, - €01 A 5 NATIONAL

3 ermiia Tl AN, CCELERATOR| s s

B NN\ ABORATORY

&2 UNIVERSITY OF

TIT 1 Dl HSE(.\

%2’ OXFORD

Goal 1l Small beam

Very-low p ¥
Ultra-low f v
Halo control v
YWakefieldAntensity ¥
Instrumentation ¥ v
Ground motion ¥

Background 4 v
Goal 2 Beam stabilization

Stabilisation/Feedback v v

SAENEN




ILC: plan de trabajo y construccion

Pre-preparatory Phase Main Preparatory Phase

2020.8

International
Development Team

LCB/LCC

ILC IDT (~1.5 years)

Prepare  the work  and
deliverables of the ILC Pre-
laboratory and work out, with
national and regional
laboratories, a scenario for their
contributions

Prepare a proposal for the
organisation and governance
of the ILC Pre-laboratory

Steinar Stapnes PECFA - 19 Nov 2020

(2022)

About 4 years

ILC Pre-Lab

ILC Pre-laboratory (~4 years)

Complete all the  technical
preparation necessary to start the
ILC project (infrastructure,
environmental impact
and accelerator facility)

Prepare scenarios for the regional
contributions to and organisation for
the ILC.

J. Fuster

(2026)

About 9 years (2035)

ILC laboratory

Construction and commissioning
of the ILC (~9-10 years)

Followed by the operation of the
ILC

Managing the
programme of the ILC

scientific
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ILC: plan de trabajo y construccion

International Development Team (IDT) e
N1z
ICFA

ILC International Development Team

Executive Board

Americas Liaison Andrew Lankford (UC Irvine)
Working Group 2 Chair Shinichiro Michizono (KEK)
Working Group 3 Chair Hitoshi Murayama (UC Berkeley/U. Tokyo)
Executive Board Chair and Working Group 1 Chair Tatsuya Nakada (EPFL)
KEK Liaison Yasuhiro Okada (KEK)
Europe Liaison Steinar Stapnes (CERN)
Asia-Pacific Liaison Geoffrey Taylor (U. Melbourne)

Working Group 1 Working Group 2 Working Group 3
\ Pre-Lab Setup Accelerator Physics & Detectors
|y

Contribucidén espaiola importante y visible en todos los grupos de trabajo
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ILC Project: perspectiva europea, arXiv:1901.09825

European ILC project plans

|. Introduction
Il. Accelerator
A. ILC accelerator competence in Europe
B. ILC accelerator Preparation Phase activities in Europe
C. ILC accelerator in-kind contributions from Europe
during the ILC Construction Phase
D. Organisation of the accelerator activities

The International Linear Collider
A European Perspective

A
N
& & j‘s §F & Q“?
G
Linac D . Instr B Beam
am ping nstru- eam . .
Cryomodules A aRs SCRF HLRF Souxces Rings |mentation | Dynamics [;:,l;m‘y Cryogenics
BORE Cevities 7 ans CERN .0 o} [eXeXo] [eXe] fofel fofe! 0
Coupkrs and Tuners ars e France XEQ el A,G e} fofe!
German, X.G X G G X G X0
Cold V. y ' i
| e 4 v Italy XEQ a
Cavity String Assembly | ¢ | ¢ Poland xE ] EQ XEQ
v Russia X G
3C Magnets s v Spain XE A foxel
Infrastructure Sweden E G
Accelerator Module Test v W Switzerland X0
Fscility (AMTEF) UK E G G 4,CC CGA C.GA
Cryogenics / TABLE III.  European expertise rekvant for ILC accelerator construction, based on experience in the recent past. This 15
Sites & Buildings based on two major construction projects, the EXFEL (X) and the ESS (E), several more R&D criented efforts namely the
AMTE hall 7 GDE/LCC (G), ATF-2 (&), CLIC (C) and experience in other accelerator projects (O)
TABLE 1 Responsibility matrix for aryomodule production
and testing for the Ewopean XFEL. More detalls and a sim-
ilar matrix can be found in 2] concerning construction of
SCRF modules for the ESS hinac.
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ILC Project: the European Perspective, arXiv:1901.09825

European ILC project plans

Documento sugiere una contribucion europea:

20% of (stage 1) ILC = 1.0-1.5 B CHF = coste 10% 5% of FCC-ee CDR

B. ILL dCCelerdLor rrepdrduorn rFridse dCuviues in curope

C. ILC accelerator in-kind contributions from Europe
during the ILC Construction Phase

D. Organisation of the accelerator activities

Estrategia Europea:

The timely realisation of the electron-positron International Linear Collider (ILC)

In Japan would be compatible with this strategy and, In that case, the European
particle physics community would wish to collaborate.

Cryog,énics ' v

TABLE III.  European expertise rekvant for ILC accelerator construction, based on experience in the recent past. This 15
Sites & Buildings based on two major construction projects, the EXFEL (X) and the ESS (E), several more R&D criented efforts namely the
AMTE hall 7 GDE/LCC (G), ATF-2 (&), CLIC (C) and experience in other accelerator projects (O)

TABLE 1 Responsibility matrix for aeyomodule production
and testing for the Ewopean XFEL. More detalls and a sim-

ilar matrix can be found in 2] concerning construction of
SCRF modules for the ESS linac.
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El Colisionador Lineal Compacto: CLIC

CLIC Collaborations

https://clic.cern

CLIC accelerator:

+ ~50 institutes from 28 countries

* CLIC accelerator studies, design and development

« Construction + operation of CLIC Test Facility, CTF3

®e
© ® ee ®
° ©®
s @
0}
® e %g® ©
) ®© & &. @ 8 1o}
® ® @ ®©

Ph. Burrows (LCWS21, 2021)

J. Fuster

CLIC detector and physics (CLICdp):

+ 30 institutes from 18 countries

* Physics prospects & simulation studies
» Detector optimisation + R&D for CLIC

67



El Colisionador Lineal Compacto: CLIC

. A19klystrons
crcumberences | | I 15 MW, 142 s

B0 Mysmors K
umxmml ' |

e*e collisions Vs up to 3 TeV
Luminosity: a few 10%* cm2s-’
Physics operation 350 GeV - 3 TeV

25km

2-beam acceleration scheme

« At room temperature
» Gradient 100 MV/m

Conceptual Design Report published in 2012

TA

48.3 km
CR  comisnes ring

TA  turnaround

OR  dampeng ring

PDR  pradamping ring

B bunch comprossos
BOS Deam edivery system
P interaction point

" denp

Parameter Unit 380 GeV | 3TeV J Compact Linear Collider (CLIC)
Centre-of-mass energy TeV 0.38 3 ; = :‘:::,v;ot::c(itf:::
Total luminosity 10**cm2st | 1.5 5.9 ' mvsm k'"(ct'fm”
Luminosity above 99% of Vs | 10%*cm2s? | 0.9 2.0 . " 7, I/ |
Repetition frequency Hz 50 50 =7 :',/” g
Number of bunches per train 352 312

Bunch separation ns 0.5 0.5

Acceleration gradient MV/m 72 100

Site length km 11 48

J. Fuster



El Colisionador Lineal Compacto: CLIC

CLIC overview

* Timeline: e+e- linear collider at CERN for the era beyond HL-LHC

« Compact: novel and unique two-beam accelerating technique based on
high-gradient room temperature RF cavities:

first stage: 380 GeV, ~11km long, 20,500 cavities
- Expandable: staged collision energies from 380 GeV (Higgs/top) up to 3 TeV

» Conceptual Design Report published in 2012

* Project Implementation Plan released 2018
Cost: 5.9 BChF for 380 GeV  (stable w.r.t. CDR)
Power: 168 MW at 380 GeV (significantly reduced since CDR)

« Comprehensive Detector and Physics studies

Ph. Burrows (LCWS21, 2021)
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El Futuro Colisionador Circular (FCC-ee)

(( Lf[:[h: The FCC integrated program

inspired by successful LEP - LHC programs at CERN

Comprehensive cost-effective program maximizing physics opportunities

- Stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & and top factory at highest luminosities
- Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options

« Complementary physics

« Common civil engineering and technical infrastructures
+ Building on and reusing CERN’s existing infrastructure

» FCC integrated project allows seamless continuation of HEP after HL-LHC
A (IP)
4  0mrad

L & A 6" B =m L_DS

m L_sep

Ed
¥
B

s Schematic of an
4§ 80-100 km
g long tunnel

FCC Project Status
) Michael Benedikt
SZ FCC France 2020
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El Futuro Colisionador Circular (FCC-ee)

Status of Global FCC Collaboration

Increasing. international collaboration as a prerequisite for success:

links with science, research & development and high-tech industry will
be essential to further advance and prepare the implementation of FCC

o ¥
EC
080"

J. Fuster




El Futuro Colisionador Circular (FCC-ee)

((EES)) 16 T dipole design activities and options

H.2020 Swiss contribution Bhel:-S.Mas:r:,et .
. evelopmen rogram ¥Fian
Cos- theta EUFCIFCO| Common coils
] 5’ '=- Canted
LNy Cos-theta

lllll

Short model magnets (1.5 m lengths) will be built until 2025

N,

L
Ciemal
P RI S M AC @! Centro de Investigaciones
Energéticas, Medioambientales

y Tecnologicas

b7 S ucmcn

CDTI EECRETARIA GENERAL

DE INVESTIGACION
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El Futuro Colisionador Circular (FCC-ee)

((E52)) FCC-ee Collider Parameters

parameter Z Ww H (ZH)

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 54
no. bunches/beam 16640 2000 393 48
bunch intensity [10'] 1T 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 .72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 13 2.9
bunch length with SR / BS [mm] 3.9 1121 3.0/6.0 33193 2.0/2.5
luminosity per IP [1034 cm2s-1] 230 28 8.5 1.95
beam lifetime rad Bhabha / BS [min] 68/ >200 49/ >1000 38/18 40 /18

J. Fuster
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El Futuro Colisionador Circular (FCC-ee)

(FE5)) FCC-integrated project cost estimate

Domain Cost in —
MCHF
Stage 1 - Civil Engineering 5,400
ye 1 - Te i 8 a g : 2FCC-bh Machi
Stage 1 - Technical Infrastructure 2,200 Stage 1 'ldud::umuud\n sz::gl complcxm
’ . 47%
Stage 1 - FCC-ee Machine and Injector Complex 4,000
Stage 1 FCC-ee Machine and
e g . Injector Complex
Stage 2 - Civil Engineering complement 600 14%
Stage 2 - Technical Infrastructure adaptation 2,800
ks Stage 2 Technical
Stage 2 - FCC-hh Machine and Injector complex 13,600 &ai e
Stage 2 Civil Engineering
TOTAL construction cost for integral FCC project 28,600 mg;“" .

Total construction cost for subsequent FCC-hh amounts to 17,000 MCHF.
(FCC-hh stand alone cost would be 25 BCHF)

Future Circular Collider Study
Michael Benedikt
7

Spanish-Network for Future Colliders, 7 October 2020
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El Colisionador Electron Positron Circular (CEPC) en China

C5EPC Site Selection Status

Three companies are wor ng
on siting and issues ¢

2019.12A8-11 and 2020.1.8-10
Chuangchun sitings update

2019.12. 16-17 Huzhou siting update

=i

1) Qinhuangdao, Hebei Province (Completed in 2014)
2) Huangling, Shanxi Province (Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Huzhou, Zhejiang Province (Started in March 2018)
5) Chuangchun, Jilin Province (Started in May 2018)
6) Changsha, Hunan Province (Started in Dec. 2018)
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El Colisionador Electron Positron Circular (CEPC) en China

CEPC CDR Baseline Layout

CEPC as a Higgs Factory: H, W, Z, followed by a SppC ~100TeV fu

CEPC collider ring (100km)

EBTL

ﬂﬂﬂ :'“40: voged m?::::«««««

prrmm e
7 ESBS FAS PSPAS SAS TAS

CEPC Linac injector (1.2km, 10GeV)
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El Colisionador Electron Positron Circular (CEPC) en China

CEPC Project Timeline

©o QS o o o
~ v v ) )
8 P $ b b o

Pre- ey,

» Site selection, engineering design,
technology & system verification

* Accelerator TDR, MoU,
international collaboration ¢  Tunnel and infrastructure construction

* Accelerator components production;
Installation, alignment, calibration and
commissioning

* Decision on detectors and release of

P e - - —

SPPC
(pp/ep/eA)

e 2016.6 R&D funded by MOST
¢ 2018.5 1% Workshop outside of China
¢ 2018.11 Release of CDR

CEPC-SPPC Concept

* 2015.3 Release of Pre-CDR installation and commissioning
* 20182 1% 10T SC dipole magnet ¢ 20TSC dipole magnet R&D with

Nb;Sn+HTS or HTS
* 15TSC dipole magnet & HTS cable R&D

HTS Magnet R&D Program

77
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El Colisionador Electron Positron Circular (CEPC) en China

CEPC High Luminosity Parameters

after CDR

it Higgs W VA

Number of IPs 2 2 2 2

Energy (GeV) 180 120 80 455
Circumference (km) 100 100 100 100

SR loss/turn (GeV) 8.53 1.73 0.33 0.036

Half crossing angle (mrad) 16.5 16.5 16.5 16.5
Piwinski angle 1.16 4.87 9.12 24.9
N,/bunch (10'9) 20.1 16.3 11.6 15.2

Bunch number (bunch spacing) 37 (4.45us) 214 (0.7us) 1588 (0.2us) 3816 (86mns) 11498 (26ns)
Beam current (mA) 3.5 16.8 88.5 278.8 839.9
SR power /beam (MW) 30 30 30 10 30
Bending radius (km) 10.7 10.7 10.7 10.7

Phase advance of arc cell 90°/90° 90°/90° 90°/90° 60°/60°
Momentum compaction (10-5) 0.73 0.73 0.73 1.48

B X/y (m) 1.0/0.0027 0.33/0.001 0.33/0.001 0.15/0.001
Emittance x/y (nm) 1.45/0.0047 0.68/0.0014 0.28/0.00084 0.27/0.00135
Transverse 0y (um) 37.9/0.11 15.0/0.037 9.6/0.029 6.36/0.037
E/E/TP 0.076/0.106 0.018/0.115 0.014/0.13 0.0046/0.131

Ver (GV) 9.52 2437 0.47 0.1
f re (MHz) (harmonic) 650 (216816) 650 (216816) 650 (216816) 650 (216816)
Nature bunch length . (mm) 2:23 2.25 24 2:75

Bunch length o. (mm) 2.66 4.42 5.3 9.6

HOM power/cavity (kw) 0.45 (Scell) 0.48 (2cell) 0.79 (2cell) 2.0 (2cell) I 3.02 (1cell)
Energy spread (%) 0.17 0.19 0.11 0.12

Energy acceptance requirement (DA) (%) 2.0 1.7 1.2 1.3

Energy acceptance by RF (%) 2.61 2.5 1.83 1.48

Lifetime (hour) 0.59 0.35 1.3 1.7 1.4
L,.../TP (1034¢cm-2s1) 0.5 5.0 18.7 35.0 105.5

J. Fuster
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Factorias de Higgs: Madurez, consumo, coste

 F1“Technology - F2“Energy Efficiency”
Readiness” :

2 - TOR [cIZEON : 100-200 MW
Yellow (18 : 200-400 MW
m R&D m : >400 MW
« F3“Cost” :

25 : <LHC

Vladimir Shiltsev (Fermilab) \
eliow
EPPSU 2019 Future Colliders, Granada et

"Red [ > 2x LHC
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Factorias de Higgs: Madurez, consumo, coste

Higgs Factories Readiness Power-Eff. Cost
ee Linear 250 GeV --
ee Rings 240GeV/tt

K Collider 125 GeV
Highest Energy

ee Linear 1-3TeV

pp Rings HE-LHC
FCC-hh/SppC

Ui Coll. 3-14 TeV

Vladimir Shiltsev (Fermilab)
EPPSU 2019 Future Colliders, Granada
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