EPS-HEP Conference 2021

European Physical Society conference on high energy physics 2021
| ‘__5;_:-::.:0nline conference;’) :ilj,r._z_&;?_.n, 2021

Future Collider Projects

Lenny Rivkin

Paul Scherrer Institute (PSI) & Ecole Polytechnique Fédérale de Lausanne (EPFL)

PAUL SCHERRER INSTITUT

30 June, 2021 EPFL o q)w

4% UNIVERSITE
%’ DE GENEVE




2020 ESPP Update, Preamble

Nature hides the secrets of the
fundamental physical laws in the
tiniest nooks of space and time.

By developing technologies to probe
ever-higher energy and thus smaller
distance scales, particle physics has
made discoveries that have
transformed the scientific
understanding of the world.

Nevertheless, many of the
mysteries about the universe, such
as the nature of dark matter, and the
preponderance of matter over
antimatter, are still to be explored.
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Proposed Energy and Luminosity Evolution

HL-LHC 14 TeV
3/ab - 4/ab per experiment
ILC 250 GeV 350 GeV 500 GeV thop 500 GeV
0.5/ab 1.5/ab 1.0/ab 0.2/ab 3.0/ab
CLIC 380 GeV 1.5 TeV 3 TeV
1.0/ab 2.5/ab 5/ab
160
FCCeel 2:91GeV | GeV | 240 GeV 2m, FCChh, eh > 25
rs
150/ab 10/ab 5/ab 1.7/ab Y
CEPC 240 GeV 91 GeV) W >>>> SPPC
5/ab 16/ab (2.6
FCC hh 100 TeV
20/ab per experiment
MUC 3 TeV 10 - 14 TeV
1/ab 10/ab - 20/ab

After B. Heinemann



LHC and High-Lumi LHC

Highest priority in short and medium term
J. Wenninger
O. Bruning
presentations on Tuesday
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LARGE HADRON COLLIDER

13 -14 TeV 14 TeV

energy

Diodes Consolidation

splice consolidation cryolimit LIU Installation o . .
TeV 8 TeV button collimators interaction - HL :iHC 5 to 7.5 x nominal Lumi
R2E project reg|ons 11 T dipole coll. installation ]

Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 q IIIII

ATLAS - CMS ' d|at|on

experiment upgrade phase 1 image ATLAS - CMS

beam pipes i i ; : HL upgrade
nominal Lumi 2 x nominal Lumi . ALICE - LHCb 2 x nominal Lumi

75% nominal Lumi I |/_' upgrade
m integrated @I Ko ]

. . (ultimate)
Pilot beam run in October! --

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY : PROTOTYPES CONSTRUCTION ‘ INSTALLATION & COMM.HH PHYSICS

LS2 extended by 2 months; LS3 starts now in 2025
DEFINITION EXCAVATION / BUILDINGS

HEP 2021 Conference, July 2021 Oliver Briining, CERN



Hadron colliders peak luminosity

ELI—IC TIXYY

= : : ° : FCC
I : 13TeVoouo & 100 TeV

10000 4 - LHE de5|gn-----------§ ----------- e e e

[
-
-,
o
1

I Teviatron RHIC
: ' b 0.5 TeV

PEAK LUMINOSITY (10°%cm™2s™)

! . . : ! : V. Shlltsev

| i | . I | |

1970 1980 1990 2000 2010 2020 2030 2040 2050
YEAR




LHC integrated luminosity

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC
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e+e- Higgs Factory

Highest priority next future collider
 Circular CEPC, FCC-ee

* Linear CLIC, ILC -
A. Faus-Golfe

B. List
S F. Zimmermann




Linear colliders proposed
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Key Technologies:

ILC250 accelerator facility

nano-beams
S.c. RF cavities

Rotating target

e- Main Linac
e+ Source

Beam delivery system (BDS)

Dump

e- Source

e+ Main Linac

10% of ILC

C.M. Energy
Length

Luminosity

Repetition

Beam Pulse
Period

Beam Current

Beam size (y) at

FF
SRF Cavity G.

N

250 GeV
20km

1.35 x1034
cm2s1
5 Hz
0.73 ms

5.8 mA (in
pulse)

7.7 nm@
250GeV

31.5 MV/m
(35 MV/m)
Q, = 1x10 10

8,000 SRF cavities will be used.

Benno List



Proposed e*e linear colliders — CLIC )

The Compact Linear Collider (CLIC)
o Timeline: Electron-positron linear collider at CERN for the era
beyond HL-LHC

o Compact: Novel and unique two-beam accelerating technique with

DRIVE BEAM INJECTOR

high-gradient room temperature RF cavities (~20’500 cavities at
380 GeV), ~11km in its initial phase
DRIVE BEAM LOOPS

« Expandable: Staged programme with collision energies from 380

GeV (Higgs/top) up to 3 TeV (Energy Frontier)

DRIVE BEAM DUMPS

o CDRin 2012. Updated project overview documents in 2018

TURN AROUND

(Project Implementation Plan).

o Cost: 5.9 BCHF for 380 GeV (stable wrt 2012)

Accelerating structure
o Power: 168 MW at 380 GeV (reduced wrt 2012),

prototype for CLIC:

12 GHz (L~25cm) some further reductions possible

* Comprehensive Detector and Physics studies

LDG RF / CLIC / Steinar Stapnes
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Compact Linear Collider (CLIC)
/ B 380 GeV - 11.4 km (CLIC380)

2

CLIC timeline
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O g|— Total -
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8 [ os8Tev 1.5TeV
£ 4+
e L
=] L
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© Tl arXiv:1810.13022, Bordry et al.
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Year
: 7 years . 27 years >

Geneva

3TeV
o Construction
o Installation

380GeV Reision 1.5TeV acision
« Construction ak':l o Construction ak':l
o Installation | ing o Installation | e

1.5 TeV Physics
2.5ab™’

Commissioning
Commissioning
Commissioning

380 GeV Physics
1ab™’

3TeV Physics
5ab™"

Reconfiguration
Reconfiguration

Technology Driven Schedule from start of construction shown above.

A preparation phase of ~0 years is needed before (estimated resource need for this phase is ~4% of
overall project costs)

LDG RF / CLIC / Steinar Stapnes




FUTURE
CIRCULA

~ 15 years operation

7-10 years ~ 25 years operation

Project preparation & Permis-
administrative processes sions
L AN
[ Fundi d A
, unding an
Funding in-kind contribution
strategy
L agreements

Geological investigations, infrastructure
detailed design and tendering preparation

Funding and
in-kind
contribution
agreements

-

FCC-ee dismantling, CE
& infrastructure

adaptations FCC-h

FCC-ee detector

construction, installation, commissioning L
commissioning

\ J
-

Long model magnets Sl Tt

Superconducting wire and magnet R&D, short models g gnets, industrialization and

prototypes, preseries . :

g series production

FCC Feasibility Study Roadmap

Michael Benedikt

FCC Week 2021, 28 June 2021



SuperKEKB at KEK

Design luminosity 8-103° | SUPERKEkB  *FCCz
LINp .FCC-W
c-tau ¢ BINP c-t
10° HIEPA c-tau® KEKBC N +FCCH
Testing grounds for FCCee: - * FCC-t.
~ PEP-II
1073 BEPCII , » CESR
e !
In several aspects more S DAFNE cESRc o, PEP LEP
. b ° °®
challenging than FCC-Z! 7 VEPP2000 . o Ep
£10 . o
= BEPC o PETRA
5 VEPP-2M e, VEPP-4M
* guads inside solenoid ADONE
* asymmetric collider 107 o I
 strong focusing at IP |
. ADONE » M. Biagini
* top-up operation & V. blag

* crab-waist scheme 0.1 1 om. gr?ergy (GeV) 100 1000



Hadron colliders

Future hadron colliders e AT , EB
e A Sav ., easy access
* FCC-hh preceded by FCC-ee . il ' 300 km east

* SPPC preceded by CEPC - 3?&5221”9

1 h by train

.. “Chinese Toscana”

\GA, GEBCO

Google earth




FCC-hh: future hadron collider O ClRCULAR

~100000 of-------- ———— S s posssis e
i . LHC 00000 FCC
Factor 10 performance 13 TeV L 100 TeV
increase in energy & e E

luminosity

100 TeV cm collision energy

20 ab! per experiment
collected over 25 years of
operation (vs 3 ab! for LHC)

Tevatron

similar performance increase
as from Tevatron to LHC

PEAK LUMINOSITY (10*°cm™2s™

key technology:

high-field magnets 1970 1980 1990 2000 2010 2020 2030 2040 2050
YEAR




GOALS OF A HIGH FIELD MAGNETS R&D PROGRAM

» Demonstrate Nb,Sn magnet technology for large scale
deployment, pushing it to its practical limits, both in
terms of maximum performance as well as production
scale

- Demonstrate Nb,;Sn full potential in terms of ultimate
performance (towards 16 T)

- Develop Nb;Sn magnet technology for collider-scale
production, through robust design, industrial
manufacturing processes and cost reduction (benchmark
12 7)

» Demonstrate suitability of HTS for accelerator magnet
applications, providing a proof-of-principle of HTS
magnet technology beyond the reach of Nb;Sn
(towards 20 T)

o Other key parameters:
* Cost of Magnets & R&D
* Timeline of a realistic development

P. Vedrine, EPS-HEP Conference, 30 July 2021
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FCC Feasibility Study

FCC Feasibility Study (FS) will address a
recommendation of the 2020 update of the
European Strategy for Particle Physics (ESPP):

» “Europe, together with its international partners, should
investigate the technical and financial feasibility 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.

2020 UPDATE OF THE EUROPEAN STRATEGY

* Such a feasibility study of the colliders and related FOR PARTICLE PHYSICS
infrastructure should be established as a global endeavour e
and be completed on the timescale of the next Strategy
update.”

FCC Feasibility Study Roadmap
@ Michael Benedikt

FCC Week 2021, 28 June 2021



Ve FUTURE

\__ COLLIDER| Feasibility study timeline

2022 2023 2024 2025

Q4 QI Q2 Q3 Q4 QI Q2 Q3 Q4 QI Q2 Q3 Q4 QI Q2 Q3 Q4

fundamental design & adaptations for
implementation scenario

Status reports & |

study planning , @} Workshop & Review : focus on preferred implementation scenario
l l l l l l l l l
[high-risk areas site investigations, environmental evaluation

& impact study with host states
I I I I I I I

% Workshop & mid-term review:
general coherency, CDR cost update

[ detailed design phase }
I I I
Workshop & Review: key g )
technology R&D programs FS Report ]
‘ ‘ ‘ ‘ ‘ Rel‘ease F‘SR [%
Project cost update

FCC FeasibilityStudy Roadmap

Michael Benedikt
FCC Week 2021, 28 June 2021
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EIC

E., range 20 — 140 GeV
Luminosity 1033 — 1034
10 — 100/fb per year
Beams polarization 70%

Critical
Decisions
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International
UON Collider
7 Collaboration

Muon Collider

Highest energy lepton future collider

[ D. Schulte ]




The muon collider has been developed by the MAP collaboration mainly in the US
Muon cooling demonstration by MICE in the UK, some effort on alternative mainly at INFN

Proton Driver Front End Cooling Acceleration Collider Ring

= T = = = ‘6
s 5 5 & |BZEE SIS E m g ¥
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Q = = € |v29 @ glaw § ¢ § O
A S @ 8 |Bazx a|® o 5 58 5 S T
S 83 2l o @@= @ c Accelerators:
< =" o alz 2 = Linacs, RLA or FFAG, RCS
= £ 0
Protons produce pions Acceleration to Collisions
Pions decay to muons collision energy
Short, intense proton Muon are captured,
bunches to produce bunched and then cooled by

hadronic showers ionisation cooling in matter



International Muon Collider Collaboration

/‘\b“éir?:iﬁi?q”s!
Muon collider has a high potential ~Colfaporation
* The muon collider presents enormous potential for
fundamental physics research at the energy frontier. \/g f Edt
* Not as mature as some other lepton collider options such as —T
ILC and CLIC; but promises attractive cost, power 3 TeV 1 ab

consumption and time scale for the energy frontier, reaching
beyond linear colliders.

10 TeV | 10 ab~ 1
14 TeV | 20 ab—1

Collaboration goal:

* Aim to develop concept to a maturity level that allows to make informed choices
by the next ESPPU and other strategy processes

* Focus on two energy ranges:
— 3 TeV, if possible with technology ready for construction in 15-20 years
— 10+ TeV, with more advanced technology, the reason to do muon colliders

* Explore synergy with other options (neutrino facility / Higgs factory at resonance)
* Define R&D path



Efficiency of future colliders

High energy and luminosity need high grid power



Drive-beam option: 168 MW Klystron-based option: 164 MW

W Main-beam injectors

» Main-beam damping rings i
WMain-beam booster and transpor I n
Drive-beam injaclons |

m Drive-beam frequency mulliplication and transport |

W Two-beam acceleration i
Main linacs (klystron)

» Interaction region

W Infrastructure and services 75
Controls and operations

Power estimate bottom up (concentrating on 380 GeV systems)

*  Verylarge reductions since CDR, better estimates of nominal settings,
much more optimised drivebeam complex and more efficient
klystrons, injectors more optimisation, etc

Further savings possible, main target damping ring RF and improved L-
band klystrons for drivebeam

Power and energy b))

Collision Energy [GeV] Running [MW] Standby [MW] Off [MW]

380 168 25 9
1500 364 38 13
3000 o89 46 17
‘g gl osTev  1sTev o aTev ]
> s
. s
1] i
Q -
W Annual sﬁuldwn — |
" oo o é 21
m Machine developm -
Fault Induced stops L
Data taking = |
| o 4f -
£ e I |
L !
0 I . | ] 1 .|

0 5 10 15 20 25
Year

From running model and power estimates at various states — the energy consumption can be
estimated

CERN is currently consuming ~1.2 TWh yearly (~90% in accelerators)

Will look also more closely at 1.5 and 3 TeV numbers next (in blue in figure to illustrate not
optimized as for 380 GeV), Hi-Eff L-band klystrons development (see later), damping ring RF
as mentioned, include reduction using permanent magnets

LDG RF / CLIC / Steinar Stapnes



Future colliders and Grid Power P o 1

ECM L/IP Energy power driving effects
[TeV] | [10**cm2s?] WYLWE

FCC-ee (Z) 0.091 230 1.2 SR Power: 50MW/beam
FCC-ee (t) 0.365 1.5 1.9 359 SR power: 50MW/beam
CEPC 0.24 5 1.4 300 SR Power: 30 MW/beam
FCC-hh 100 30 4 580 SR power: 2.4MW/beam @ 50K, cryogenics
ILC 1 5 1.4 300 beam power: 13.6 MW/beam, cryogenics
CLIC 3 5.9 2.8 580 beam power: 14 MW/beam
allelieelt 10 20 1.2 300 m;g(i\eefcas?l’siji’:\/lgv\z/a{jc\l/r;\r/\iabgzasf?’e::Zf I(ijne%/eloped
Significant energy cost: 4 TWh ~ 200M€, and sustainability concerns. Liin col. X Hp 5_pream
— need more R&D towards efficient concepts & technology, energy management s

No ( : P
[After M. Seidel, Workshop Sustainable HEP, June 2021] Lmu col. X B Exy,n beam



Lepton collider Proposals: Luminosity per Grid Power

1000
- 4 ILC
91 GeV
— 100 &-CLIC
T e \/5_4
%) WW
F _
CT]E E N 160 GeV -®-FCC-ee (2 1Ps)
o
O S ZH MAP-MC
mO 240 GeV
AL 1 ——5
o t
f 350-365 GeV
~
3 0.1
0.01
0.01 0.1 1
Vs [TeV]

[After E.Jensen, Granada 2019, Strategy Update]

Luminosity L
per supplied
electrical wall-
plug power Pp
IS shown as a
function of
centre-of-mass
energy for
several
proposed future
lepton colliders

10



tune-up dump

10-GeV linac comp. RF

injector

20, 40, 60 GeV

10, 30, 50 GeV

<+ 10-GeV linac
0.03 km

LHeC CDR, arXiv:2007.14491

.. PR Py

FCC-hh/eh CDR (2019)

Energy Recovery Linacs based Colliders

LHeC, FCC-eh

 M.Klein |




Energy Recovery Linacs (ERLs) based ideas

Ring Collider ERL Linear Collider
power re-cirulated beams collide once

* beam used once
* but power recirculated
* ambitious collision parameters lead to low beam

beams circulate

intensity

— overall low energy consumption, but higher
initial investments

IFAST
M. Seidel



ERL based version of ILC Collider Concept: ERLC

~ head-on

collision linac comp-
accelel ation AE) ressor

- WXW

decelelatlon decomp-
ressor
EFx=5b5GeV e—
> - —=p

beam dump

o \ / ngglel
AE ~ 0.025GeV
from DRs
V. Telnov/BINP, LCWS2021,
. . . https://indico.cern.ch/event/995633/contributions/4275159/
® 250 GeV, h|gh |um|n05|ty 0(1036) ...and preprint paper https://arxiv.org/pdf/2105.11015.pdf

* Total power similar to the ILC
* Beams dumped at low energy


https://indico.cern.ch/event/995633/contributions/4275159/
https://arxiv.org/pdf/2105.11015.pdf

o éi{c%ﬁfg; FCC-ee ERL option: boosting luminosity & energy ?

Innovation Study

V. Litvinenko, “High-energy high-luminosity e*e”

[T I T T T L ] T T ] 'l T | . . .
C o 7 (91.2 GeV) : 4.6 x 10® cm3s” ] T. Roser, collider using energy-recovery linacs,”
& hanarnnns @  FCC-ee (Baseline, 2 1P - ’
| Thguesnnmr®t®t e '-,. o0 (Sasoine o) ] M Chamizo PhyS. Lett. B VOI 804, 135394 (2020)
., ®  FCC-ee (with 10% safety margin) )
B ", B LC (250 GeV baseline) N
102 | ............. S ; f.-.; ...................... . (with. Jumi‘energy. Upgrade).................. —
W'W (161 GeV): 6.4 x 'IO'EW;ES" CLIC (Baseline)

- A4 CEPC (100km, double ring)
I ERL based FCC ee at 100 MW SR

I IIIIII!

P

) | electron positron
GeV):1.6x 10" cm?' [ ERL based FCC ecat 10 MW SR “eooling”1ing  “cooling” ring

with top-off with top-off

10

Luminosity [10%* cm2s]

goec
tt (350 GeV) : 3.6 x 10”" cm%s”
ff (365 GeV) : 3.0 x 10°" cm-le

I |III|I|
] |I|I|I|

10 10°
\s [GeV]
IRs side arcs (after linac 2) Main portion (5/6) of the ring arcs
- predicted luminosity superior to FCC-ee from ZH running onwards B . P
- the principle feasibility, power consumption, and construction O e B

cost are presently under study by LDG ERL ERL-collider subpanel -0)

94.86 GeV accel.

- ERL could be possible FCC-ee upgrade path if shown to be feasible

140.24 GeV accel.

118.02 GeV accelerating

158.33 GeV decelerating

163.12 GeV accelerating
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Wakefield due to space \
charge oscillation inside |
plasma > 10 — 100 GV/m Laser or beam driver

Electron beam

ACHIP: accelerator on a chip

EuPRAXIA, a new ESFRI roadmap project

Plasma acceleration

Laser and beam driven concepts

[R. Assmann}




Shrinking the Size of Particle Physics Facility

RF Accelerators
> 30,000 operational — many serve for Health

30 million Volt per meter
RF: 90 years of success story for society

Plasma Accelerators
first user facility to be realized

100,000 million Volt per meter

Added value
new Research Infrastructures due to
compactness and cost-efficiency
bringing new capabilities to science,
institutes, hospitals, universities,
industry, developing countries.

Typical RF Based
Accelerator Facility to
5 GeV

400 m

Shrinking

- EuPRAXIA Plasma 5 GeV
the Size of A =
ccelerator Facility to example
the Accelerator 5 GeV
Facility

Future

“realistic design including all required
infrastructure for powering, shielding, ...

Can we shrink the Linear Collider, provide e and e* beams in the
TeV energy regime and produce > 103 cm™ st luminosity?

R. Assmann, E. Gschwendtner



Accelerator and Detectors R&D Roadmaps

[ ECFA — EPS Session earlier this afternoon }

Roadmaps requested in the European Strategy for Particle Physics:

LDG mandated with the Accelerator Roadmap [D. Newbold}

ECFA mandated with the Detector Roadmap [ P. Allport }

* To cover the period until the next ESPP update (5 — 6 years)
* To be submitted to the CERN Council by the end of the year



Future colliders with earliest feasible start date

HL-LHC| 2027 14 Tev
3/ab - 4/ab per experiment
e | 2036 250 GeV 350 GeV 500 GeV thop 500 GeV
0.5/ab 1.5/ab 1.0/ab 0.2/ab 3.0/ab
cLic | 2037 380 GeV 1.5 TeV 3 TeV
1.0/ab 2.5/ab 5/ab
160
FCCeel 2040 | 2:91Gev | Gev | 240 Gev 2m, FCC hh, eh = 25
rs
150/ab | 10/ab| 5/ab 1.7/ab Y
CEPC | 2033 240 GeV 1 GeVI W >>>> SPPC
5/ab 16/ab (2.6
FCC hh|> 2055 100 Tev
20/ab per experiment
MUC | 2045 3 TeV 10 - 14 TeV
1/ab 10/ab - 20/ab
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