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What is the best implementation for a Higgs factory?
Choice and challenges for accelerator technology: linear vs. circular?
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D. Schulte

Higgs Factories

All new high-energy colliders are also Higgs factories

e Electron-positron colliders
— Linear colliders
e ILC and CLIC
— Circular colliders
* FCC-ee and CepC
e (LEP 3)

One in Europe,
one in Asia

Hadron colliders

Lepton-hadron colliders
— LHeC and FCC-eh

HE-LHC, FCC-hh and SppC

\Muon colliders /<~

Plasma colliders

LEP3 and “Low-field” magnets in FCC tunnel
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Happens in any case

Not mature enough at this moment
More R&D needed

Muon colliders could come in if we fail to
have another higgs factory



Comparisons

Project Type Energy Int. Lumi. Oper. Time Power

[TeV] [a”] [y] [MW]
ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +

150-200) upgrade

0.5 4 10 163 (204) 7.98 GILCU

1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF

1.5 2.5 7 (370) +5.1 GCHF

3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 149 5GS

0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF

0.24 5 3 282

0.365 (+0.35) 1.5(+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep 60 / 7000 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF

D. Schulte
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Proposed Schedules and Evolution

+15 +20

1.0/ab 0.2/ab 3/ab
500 GeV 2Miop 500 GeV

0.5/ab 1.5/ab

CEPC
ILC
CLIC
FCC-ee
LHeC

ILC 250 GeV 250 GeV
5.6/ab
CEPC 240 GeV
1.0/ab
CLIC 380 GeV
FCC 150/ab

ee, 240 GeV

m Start Physics (higgs) Proposed dates from projects

2022 2030

Would expect that technically required
2024 2033 . ..

time to start construction is O(5-10
2026 2035 years) for prototyping etc.
2029 2039 (2044)
2023 2031

2019



Ours is a very dynamic field!

Luminosity per facility (Luminosity upgrades for ILC, CLIC)
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similar solutions for FCC-ee and CEPC

* Double ring collider with full-energy top-up booster ring,

e 21Ps, 2 RF straights, tapering of arc magnet strengths to match local energy

e Asymmetric IR layout to limit SR of incoming beams towards detectors and generate large crossing angle
e Common use of RF systems for both beams at highest energy working point (ttbar/ZH for FCC-ee/CEPC)
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Report by Higgs@FC Group

Higgs Boson studies at future particle colliders
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Introduction

Methodology

The Higgs boson couplings to fermions and vector bosons
Thekappaframework ... ... ... ... ... . . ... ..
Results from the kappa-framework studies and comparison . . .. . ..
Effective field theory description of Higgs boson couplings . .. . . ..
Results from the EFT framework studies . . . .. ... ... . .......
Impact of Standard Model theory uncertainties in Higgs calculations .
The Higgs boson self-coupling

Rare Higgs boson decays

Sensitivity to Higgs CP

The Higgs boson mass and full width

Future studies of the Higgs sector, post-European Strategy
Higgs prospects at the muon collider . . . .. ... oo ..o ...
Higgs physics at multi-TeV «te colliders . . . .. ... .. ... .. ..
What and Why: Higgs prospect studies beyond this report . ... . ..
Summary



Invisible H decays: H—E,™Miss
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ILCas0 Direct searches dominate sensitivity
LHeC

> HL-LHC will have sensitivity to ~2.6%
ﬂffﬁg > e+e- colliders improve to ~0.3%

> FCC-hh probes below SM value: ~0.025%
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Luminosity Challenge

BINP c-tau ¢ BINP c-tau

10° HIEPA c-tau® e CEPC-W ¢ :FCC'H
Luminosity cannot be fully demonstrated before the project implementation N PE,E_" PPt e FCC
* Luminosity is a feature of the facility not the individual technologies ;:21@3 L BEPCI, o CESR
* Have to rely on experiences, theory and simulations S DAFNE " CESR - poris2 PEP '-E,f'
* Foresee margins .‘5103‘ VEPP2000 e ‘
£ VEPP-3M %, vEpp-am TETRA
FCC-ee and CEPC are based on experience from LEP, DAPHNE, KEKB, PEP Il, superKEKB B spi‘:::NE
* Gives confidence that we understand performance challenges 6% D-C:
* New beam physics occurs in the designs, ADONE &
e e.g. beamstrahlung is unique feature of FCC-ee and CEPC 157

0.1 1 10 100 1000
* Identified and anticipated in the design, should be able to trust simulations c.m. Energy (GeV)

* The technologies required are improved versions of those from other facilities

Linear colliders are based on experiences from SLC, FELs, light sources, ... / \
e Gives confidence that we understand the performance challenges
* Gives us confidence that we can do better than SLC
e Still performance goal more ambitious, e.g. beam size of nm scale

* Creates additional challenges and requires additional technologies, e.g. stabilisation
e A part of the technologies are improved versions of those from other facilities
 Some had to be purpose-developed for linear colliders

All studies prioritised their work because of limited resources KE KB 2 1 1034
* Depending on your preference you will see holes in any of them that you find are unacceptable :
e Oryou will be convinced that this very issue is a mere detail ...

D. Schulte Higgs Factories, Granada 2019



Maturity

e CEPC and FCC-ee, LHeC
— Do not see a feasibility issue with technologies or overall design
— But more hardware development and studies essential to ensure that the performance goal can be fully met
* E.g. high power klystrons, strong-strong beam-beam studies with lattice with field errors, ...

e ILC and CLIC
— Do not see a feasibility issue with technology or overall design
— Cutting edge technologies developed for linear colliders
* ILC technology already used at large scale
 CLIC technology in the process of industrialisation
— More hardware development and studies required to ensure that the performance goal can be full met
 e.g. undulator-based positron source, BDS tuning, ...

* Do not anticipate obstacle to commit to either CEPC, FCC-ee, ILC or CLIC
— But a review is required of the chosen candidate(s)

— More effort required before any of the projects can start construction

* Guidance on project choice is necessary: Physics potential & Strategic considerations



RF technology

e Accelerator Technologies are ready to go forward for lepton colliders (ILC,
CLIC, FCC-ee, CEPC), focusing on the Higgs Factory construction to begin in
> ~5 years.

* SRF accelerating technology is well matured for the realization including
cooperation with industry.

* Continuing R&D effort for higher performance is very important for future
project upgrades.

* Nb-bulk, 40— 50 MV/m: ~ 5 years for single-cell R&D and the following 5 — 10 years
for 9cell cavities statistics to be integrated. Ready for the upgrade, 10 ~ 15 years.

A. Yamamoto, 190512b
12



Path towards the highest energies:
how to achieve the ultimate performance
(including new acceleration techniques)?

TSR A
L Compact Linear Collider (CLIC) f »
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' W 1.5 TeV - 29.0 km (CLIC1500) 4
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Schematic of an
80 - 100 km
long tunnel

Geneva



Linear Colliders

Linear Collider (LC) proposals for CLIC and ILC are very mature: parameters & design, technically developments, in term of
performance verifications, project planning - with strong communities behind

damping
ring

source main
. linac
beam delivery More about CLIC: link & about ILC: link

Key features and technical focus of studies:

e Initial stages with costs and power similar to LHC, further investments will be staged

o  Expandable to higher energies - with existing, improved or new RF technologies (as novel acc. technologies) - and in some cases MAA Gt
: R e llll)»)))))) N
also increased luminosities i _ (o)
e RF(energy) anc! nanobeams (Igmlnq3|ty) main challenges | W %w iy W;ﬁ"w o m‘*;*‘wﬁ )
e Strong connection and synergies with light-sources and FEL linacs I ot

Polarized beams foreseen
o [analsorun alower energies (Z) and gamma-gamma is possible (not emphasized in ESPP submissions)
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LCs - Granada - May 2019 Steinar Stapnes


https://clic.cern/european-strategy
https://ilchome.web.cern.ch/content/ilc-european-strategy-document

Overview of CLIC and ILC parameters

) o megasdmresyl | E: 380, 1500, 3000 GeV (L: 11-50 km) E: 250, 500, 1000 GeV (L: 20-40 km) g T
- | 1% peak { Lum:1.5-5.910%*2 cm-2s-1* Lum: 1.35(2.7) — 1.8(3.6) 103* cm-2s-1* = [ scomio tabatage

g [ ossTev 15Tev Prep. phase 2020-2025 Prep. phase 2020-2023(4) g 3000 5:§2:i:§§2:::

£ 4 Constr.+comm. 7y, ready before 2035 Constr.+comm. 9-10y, ready before 2035 £ [

2 | Cost: CLIC-380: 5.9 BCHF, Cost: ILC-250: 4.9-5.3 BILCU, = T

2 2r Upgrades: deltas of 5 and 7 BCHF ILC-500: 8 BILCU (2012 S) *:'é},ooo: 5:

E’ [ 5 Power: ~ 170 MW — 580 MW** Power: ~ 130 - 300 MW g %

= Un_FF':f::| 10 - 1|r, % 5

NCRF X-band now established and industrially SCRF in extensive use in several FELs with

. o,
available, used in small systems and being parameters close to ILC parameters, the ILCy: 75% of 240 days
introduced in larger ones, relevant reference primary one being the E-XFEL at DESY.
experience with C-band for larger systems Technology optimization underway, linking to

(Swissfel). evolving SCRF R&D for grad. and Q.

Nanobeam addressed in design & specifications, benchmarked simulations, low emittance ring
progress, extensive prototype and method development (for alighnment, stabilization,
instrumentation, algorithms and feedback systems, system and facility tests : FACET, light-
sources, FELs, ATF2)

Extensive prototyping of all parts of these accelerators, for lab-test, use/test in test-facilities,
light-sources or FELs (magnets, instrumentation, controls, vacuum, etc)

CERN hosted international project (follow LHC Japan hosted international project, initial ideas
model) about European capabilities available (link)

* Doubling by increasing frequency (to be) studied, ** Power at 1.5 and 3 TeV not updated from CDR 2012



https://ilchome.web.cern.ch/sites/ilchome.web.cern.ch/files/ILC_European_Perspective_Final.pdf
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FCC integrated project technical schedule
BEB BB OB R B ]3537@3941@43

o

[~ 25 years operation

15 years operation
thcrn3 ) Ls3 tHerun4  |(Ls4)( Lhcruns (Lss)( tHCrune \
( . .
Project preparation & . Update
AU Permis- o
administrative processes . Permission,
: sions .
L Funding & governance strategy Funding
: Cealaged mvgstlgatlo_ns, Tunnel, site and technical infrastructure FCC-eg etniliig, G2
infrastructure detailed design and construction & infrastructure
tendering preparation adaptations FCC-hh
e N\, N f——— - N N
. -hh accelerator :
FCC-ee accelerator R&D and technical design FC_C-ee ace 0 90”.5”%“3“0”’ R&D and technical FC.C'hh ac_celerator c_on§trl_1ct|0n,
installation, commissioning design installation, commissioning
. J . J
[ FCC-ee d \( Y rccthdetecor | [ FCC-hh d )
- -hh detector -
Detector R&D and ee eteptor FCC-ee detector R&D : .etector_
concept development EENECCET construction, installation, commissioning o SO (1]
collaborations ’ : technical design commissioning
\ J\. J \C J L J
4 N .
SC wire and 16 T magnet 16 T dinole maanet
Superconducting wire and high-field magnet R&D R&D, model magnets, p g
. series production
L VAR prototypes, preseries

FCC integrated project is fully aligned with HL-LHC exploitation and provides for seamless continuation of
HEP in Europe with highest performance EW factory followed by highest energy hadron collider.

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



. . . High E -LHC : 33 TeV «
Scaling of high energy proton rings it 207 magnete . X

Bp[T-m]= 0.2991979... p[Ge\%]

=

0,C0oSsts oc E

« Schematic of an
§ 80-100 km
¢ long tunnel
A}

LEP tunnel: 1 TeV per 1 Tesla




Consideration on timeline:

LHC possible because SSC developed the superconductor...

9T-1 1 10T-Im [ 9T-10 9 T-15m et LHC
m single Nb3Sn m long final ol -
bore di pole P rotoype protoype P N : BN e

2006

1990 1994 2000

7 years from start 12 y from first working prototype to last magnet
R&D to 1st ™~ : P —_—

Industry proto
A _ Industry

1985 1987

Only 2 y to make
a short magnet
«near to final».

Conductor Decision - . t ts Nb
available(SSC . —_— contracts -
(5SC) for Nb-Ti _ _ !
;_'}--- i e R { '= o — = .. | | k S | R - ' =
bRl e v (B . L a8 N :
% — oA S - e

LARGE HADRON COLLIDER
IN THE LEP TUNNEL

.
e 1.'Iullh'...:.'-- —

Hi%umi’ e T i > : | il y .
Ll L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019-SUMMARY



HE-LHC 27 TeV

Needs some 1700 large magnets in Nb;Sn (1200 dipole 15 m long)
operating at 16 T. (same as FCC-hh)

It needs a new generation of Nb,Sn, beyond HiLumi (like FCC-hh):
the 23 y timeline presented is realistic (21 for the magnets) but t;, IS
probably 2025 or more because of SC development.

= The set up of a SC Open Lab for fostering development of
superconductors (F. Bordry and L. Bottura proposal) is critical
for HEP HC progress.

= Afurther upgrade to 42 TeV in HTS at 25 T possible to envisage for
longer time. 24 T dipole is the long term goal also of the Chinese
SppC.
(Recently an HTS 32 T special solenoid and a commercial HTS 26
NMR solenoid have been announced!)

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019-SUMMARY



High field magnet development

20
18 ”””fﬂf
16 HTS e
=14 In LHC, 14 T dipoles give 23.5 TeV -
— But timeline is NOT the same J 12 T Nb,Sn dipoles
% 12 NbS HL-LHC q@) HiLumi technology in
= 10 ek - LHC: 21 TeV c.o.m.
— '_:*#r
(
= g i — e Energy "7 T Nb-Ti dipole (low cost
"u:'; Nb-Ti ‘__,..--";:}SSC LHC ‘>< tripler |HC, 4.2 K):
o 6 Tevatron ¢ . +.100km “44 TeV c.0.m. (100 km)
4 s _.-~HERA RHIC
- *
2 le==""
0 SPS & Main Ring (resistive)
1975 1985 1995 2005 2015 2025 2035 2040
Year

Dipole Field for Hadron Collider

‘ AL-LAL FRUJEL]

L.Rossi - LHC future @ Open symposium EUSPP-Granada May 2019-SUMMARY




high-field magnet R&D for FCC-hh

FCC-hh baseline: 16 T magnets, based on Nb;Sn:

 Worldwide wire R&D towards J, (16T, 4.2K) > 1500 A/mm?  Worldwide short model magnet R&D
—2>50% increase wrt HL-LHC wire ->various coil geometries

After ~2 years development, prototype Nb,Sn « 2018 —2024
wires from several R&D partners already
achieve HL-LHC J. performance

Cos-theta Common coils

Ll

3500 T ,4;!
N % KAT,0.7mm - .=
3000 B> ~ —— TVEL, | mm . - -
— F — — JASTEC trial 1,0.7 mm | { i - ‘
‘2 2500 ~-—- JASTEC trial 3: 1, 0.8 mm - = =
jg L
< 20007 ~ FCCgoal]
1500 HL-LHC RRP, 0.85 mm| =~ oSt 10 1
f|—— HL-LHC RRP, 0.7 mm St
1000 H---- HL-LHC PIT, 0.85 mm

11 12 13 14 15 16
Applied magnetic field (T) CEA, CIEMAT, INFN, PSI, US- MDP (FNAL LBNL), BINP



high-field magnet R&D for SppC

SppC baseline: iron-based HTS

Field (T) R&D Roadmap for the next
years
Nb;Sn+HTS
20 2*p45 aperture
15T @ 4.2K
NbTi+Nb3Sn
2*p10 aperture

10T @ 4.2K
Nb;Sn+HTS or HTS

2*p45 aperture
20T @ 4.2K
With 104 field quality

10

SPPC dipole field: baseline 12 T, optimum 20-24T

2018 2028 year
J. Gao

Field (T)

. . 10.2T @ 4.2 K dipole field

in two apertures

(Performance limited by NbTi coils)

| C. Wang et al, IEEE TAS,

DOI:10.1109/TASC.2019.2902983 | = meis /]

Quench Number
Coil 2 Coil 3 Coil 4

12x 1x 3x 3x




S.C. magnet technology

* Nb,Sn superconducting magnet technology for hadron colliders, still requires step-by-
step development to reach 14, 15, and 16 T.

* It would require the following time-line (in my personal view):

* Nb;Sn, 12~14 T: 5~10 years for short-model R&D, and the following 5~10 years for
prototype/pre-series with industry. It will result in 10 — 20 yrs for the construction to start,

* Nb,;Sn, 14~16 T: 10-15 years for short-model R&D, and the following 10 ~ 15 years for
protype/pre-series with industry. It will result in 20 — 30 yrs for the construction to start,
(consistently to the FCC-integral time line).

* NbTi, 8“9 T: proven by LHC and Nb;Sn, 10~ 11 T being demonstrated. It may be feasible for the
construction to begin in >~ 5 years.

e Continuing R&D effort for high-field magnet, present to future, should be critically
important, to realize highest energy frontier hadron accelerators in future.

Intensify HTS accelerator magnet development

A. Yamamoto, 190512b

24



Personal (A. Yamamoto) View on Relative Timelines

Lepton Colliders

Proto/pre- : :
SRF-Lc/CC . Construction Operation .
NRF—LC Proto/pre-series Construction Operation .
Hadron Collider (CC)
8~(11)T Proto/pre- . _ |
NbTi /(Nb3Sn) series Construction Operation H
12~14T : . .
Nb.Sh Short-model R&D Proto/Pre-series Construction Operation
<)
1&;12‘:; Short-model R&D Prototype/Pre-series Construction
3

Note: LHC experience: NbTi (10 T) R&D started in 1980’s --> (8.3 T) Production started in late 1990’s, in ~ 15 years

s
A. Yamamoto, 190512b 0



Technical Challenges in Energy-Frontier Colliders proposed

Lumino SEIECEIIENS : Major Challenges in Technology
sity Value*
[1E34] [Billion]
FCC- CDR ~ 100 <30 580 24 or ~16 High-field SC magnet (SCM)
C hh +17 (aft. ee) - Nb3Sn: Jc and Mechanical stress
[BCHF] Energy management
C SPPC  (to be 75— 12 - High-field SCM
hh filled) 120 24 - IBS: Jcc and mech. stress
Energy management
FCC- CDR 0.18 - 460 — 260 — 10.5+1.1 10—-20 | High-Q SRF cavity at < GHz, Nb Thin-film
ee 0.37 31 350 (0.4-0.8) | Coating
[BCHF] Synchrotron Radiation constraint
Energy efficiency (RF efficiency)
CEPC CDR 0.046 - 32~ 150 - 5 20 — (40) | High-Q SRF cavity at < GHz, LG Nb-bulk/Thin-
0.24 5 270 (0.65) film
(0.37) [BY] Synchrotron Radiation constraint
High-precision Low-field magnet
ILC TDR 0.25 1.35 129 4.8-5.3 31.5— (45) | High-G and high-Q SRF cavity at GHz, Nb-bulk
L update  (.1) (- 4.9) (-300) (for 0.25 TeV) (1.3) Higher-G for future upgrade
[BILCU] Nano-beam stability, e+ source, beam dump
C CLIC CDR 0.38 1.5 160 5.9 72 —100 | Large-scale production of Acc. Structure
ee (- 3) (- 6) (-580) (for 0.38 TeV) (12) Two-beam acceleration in a prototype scale
[BCHF] Precise alignment and stabilization. timing

*Cost estimates are commonly for ”“Value” (material) only.




High Energy u+u- Colliders

AdVamages
e M's do not radiate / no
beamstrahlung—-> acce-
leration in rings =2 low cost
& great power efficiency
e ~ X7 energy reach vs pp
Offer “moderately conservative
moderately innovative” path to
cost affordable energy frontier
colliders:

500

100

o

Jsp [Tev]

S0t

20

200

arXiv:1901.06150

US MAP feasibility studies were very successful 2 MCs can be built with

present day SC magnets and RF; there is a well-defined path forward

Key to success:

ZDRs exist for 1.5 TeV, 3 TeV, 6 TeV and 14 TeV * in the LHC tunnel

* more like “strawman” parameter table

Test facility to demonstrate performance implications - muon production
and 6D cooling, study LEMMA e*-45 GeV + e at rest =2u" -, design study v shiltsey

27 of acceleration, detector background and neutrino radiation



Proton-driven Muon Collider Concept

Muon-based technology represents a unique opportunity for the future of high energy physics research:
the multi-TeV energy domain exploration.

Proton Driver Front End Cooling Acceleration Collider Ring

—OOA

Buncher

SC Linac
Buncher
Combiner

Accelerators:
Linacs, RLA or FFAG, RCS

Capture Sol.
Decay Channel
Phase Rotator
6D Cooling
Bu%ch
Merge
6D Cooling
Final Cooling

Accumulator
MW-Class Target
Initial 6D Cooling
Charge Separator,

Acceleration to

. Collision
collision energy

Short, intense proton
bunches to produce
hadronic showers

Muon are captured,
bunched and then cooled
Higgs Factory:

. : S-channel production
Pions decay into muons > ¥ 63 GeV to Hi
that can be captured X eV 1o Higes



Answers to the Key Questions

Can muon colliders at this moment be considered for the next project?
* Enormous progress in the proton driven scheme and new ideas emerged on positron one
e But at this moment not mature enough for a CDR, need a careful design study
done with a coordinate international effort

Is it worthwhile to do muon collider R&D?
* Yes, it promises the potential to go to very high energy
* It may be the best option for very high lepton collider energies, beyond 3 TeV
* It has strong synergies with other projects, e.g. magnet and RF development
* Has synergies with other physics experiments
* Should not miss this opportunity?

What needs to be done?
* Muon production and cooling is key => A new test facility is required.
* Seek/exploit synergy with physics exploitation of test facility (e.g. nuSTORM)
* A conceptual design of the collider has to be made
* Many components need R&D, e.g. fast ramping magnets, background in the detector
* Site-dependent studies to understand if existing infrastructure can be used
* limitations of existing tunnels, e.g. radiation issues
e optimum use of existing accelerators, e.g. as proton source
* R&D in a strongly coordinated global effort



Beam induced background studies
neutrino radiation hazard

The source, ring or section, is placed
at the fixed depth of 550 m.

“hot spot” DEpth (m)

muon collider

o L 50.  150. 250.350. 450. 550.
‘\’su“aighlsection ] 2 10 '
v 1 . — iwith wobbling

Ambient dose assuming 1.2 x 102! decays/year

-1

10 |

Need to study for higher energies (scaling E3) 107
Straights in LHC might increase problem
= Another reason to consider this as accelerator 4

I N P AN SR N T
0 10 20 30 40 50 60 70 80 90 100
Distance (km)
D. Schulte Muon Colliders, Granada 2019
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The LEMMA Scheme

Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring

10" w pairs/sec from
efe” interactions. The small
production emittance allows lower e
overall charge in the collider rings Positron Linac
— hence, lower backgrounds in a
collider detector and a higher
potential CoM energy due to
neutrino radiation.

Ecom:

10s of TeV

‘tl

Isochronous
Rings

Accelerators: 7 -
Linacs, RLA or FFAG, RCS

100 KW
target

Key concept (original numbers in brackets)

Prodﬁce m)uon beam with low emittance using a positron beam (40 nm vs. 25 um in proton
scheme

No cooling required, use lower muon current

* Positron beam (45 GeV, 3x10! particles every 200 ns) passes through target and
produces muon pairs

. Musori(l)o%nches are circulated through target O(2000) times accumulating more muons
.5x

e Every 0.5 ms, the muon bunches are extracted and accelerated
 They are combined in the collider ring, where they collide

Muon Colliders, Granada 2019
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DETECTOR

MACHINE

Proposed tentative timeline

CDRs

TDRs

R&D detectors Prototypes

Large Proto/Slice test

MDI & detector simulations

-N-B-N-N-B

Design

58 A3E

Baseline design

Design optimisation

Project preparatio-

Test Facility

Design Construct Exploit

Exploit

Technologies

Design / models Prototypes / t. f. comp.

Prototypes / pre-series

Ready to decide Ready to commit Ready to
on test facility to collider construct
Cost scale known Cost know

Years?
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Introduction — Plasma Wakefield Acceleration, PWFA

Plasma is ionized and can sustain electric fields up to three orders of magnitude higher than
conventional accelerator technologies.
Reach gradients = order of 100 GV/m.

Example: Single ionized rubidium plasma

Using plasma to convert the transverse electric field of the drive bunch into a longitudinal electric field in the plasma.

€= )\ccelerating for e

== Decelerating for e- Laser Wakefield Accelerator (LWFA):

+
Focusing for e - +——{_ Drive beam = laser beam
l _ + Plasma WakeField Accelerator (PWFA):
Defocusing fore™ Drive beam = high energy electron or proton beam

Example: n,, = 10'® cm™
2 A, =0.3mm

€0
= Cavities with mm size!

Edda Gschwendtner



Plasma Wakefield Accelerators
mcea,

Fo=

~ 100] Gel

0
€

Key facts:

Three ways to excite plasma (drivers)
laser dE ~ 4.3 GeV (108 cm= 9cm)
e- bunch dE ~ 9 GeV (=10 cm= 1.3m)
p+ bunch dE ~ 2 GeV (~10>cm= 10m)

Impressive proof-of-principle demos

In principle, feasible for e+e- collisions

Collider cost and power will greatly
depend on the driver technology:
- lasers, super-beams of electrons or protons

\/n Olgcm_3]

400 800 1200
' .

“harge Density [nC/SR/(MeV/c)] 0

Horizontal Angle (mrad)

ik [

0SLO0L S O

]

(wuyd) ¥ (ww) x

1]

..............................
L] = o (== - e o~ —h —h [ [ ]

Event number
[ =

V. Shiltsev



2 6-8 10-18 21-
T T v T v T " v T " I
Total Length (km)
—

Plasma Colliders
|* Key Issues to Study:

| e« acceleration of positrons

o Staging efficiency

1200

—
[
o
(=]

o0
]
(=]

=== | aser-Plasma
=== Becam-Plasma

Total Site Power (MW)

a0 ] ]« emittance control vs scatter
i CERN]
200 1 * beamstrahlung
P TR TR r— * HP lasers / HP operation
Energy c.m. (TeV) e power efﬁciency
2 6-8 10-18 21-
o | TOI{a. Léngm:(k.; * the first four can be addressed by using u’s
S in 1022cm crystals — up to 1 PeV
S s0r 1e Plenty of interest and opportunities:
g Collaborations: EuPRAXIA, ALEGRO study, ATHENA
«© 60 Facilities: PWASC, ELBE/HZDR, AWAKE, CILEX, CLARA and
Eﬁ SCAPA, EuPRAXIA @ SPARC _LAB at INFN-LNF, Lund,
2 40 JUSPARC at FZJ and FLASHFor-ward and SINBAD at DESY;
‘fﬂ also in Japan (ImPACT), China (SECUF) and in the US (FACET-II,
= BELLA)
= 5l ==O== ] aser-Plasma i o
g =0=Beam-Plasma] | * Proposals of plasma e- injectors
g 0 " 1 N 1 N 1 " 1 N 1 " 1
R0 5 10 15 20 25 30

Energy c.m. (TeV) V. Shiltsev



Plasma acceleration based colliders

Drive beams B
Lasers: ~40 J/pulse I AT e %<
Electrons: 30 J/bunch bl /| FEEE NN A . \% »
Protons: SPS 19kJ/pulse, LHC 300kJ/bunch = § :_F/ : e 2 - :“"‘*-«-...,. -
Witness beams ) 'i -~ \ﬁ
Electrons: 101 particles @ 1 TeV ~few kJ A o~ o e el

E. Adli et. al.,arXiv:1308.1145 Leemans & Esarey, Phys. Today 63 #3 (2009)

Key achievements in last 15 years in plasma based acceleration using lasers, electron and proton drivers
e Focus is now on high brightness beams, tunability, reproducibility, reliability, and high average power

The road to colliders passes through applications that need compact accelerators (Early HEP applications,
FELs, Thomson scattering sources, medical applications, injection into next generation storage rings ... )

Many key challenges remain as detailed in community developed, consensus based roadmaps (ALEGRO,
AWAKE, Eupraxia, US roadmap,...)

Strategic investments are needed:
* Personnel —advanced accelerators attract large numbers of students and postdocs

e Existing facilities (with upgrades) and a few new ones (High averagefpower, high repetition rate operation
studies; fully dedicated to addressing the challenges towards a TDR for a plasma based collider)

* High performance computing methods and tools



Current initiatives of coordinated programs:

EuPRAXIA

Horizon 2020 EU design study funded in 2015.
Deliverable: Conceptual Design Report by Oct 2019

EuPRAXIA, ALEGRO, AWAKE.
euPRACIA

The EuPRAXIA Strategy for Accelerator Innovation:

The accelerator and application demonstration facility EUPRAXIA
is the required intermediate step between proof of principle and
production facility.

PRESENT PLASMA E- ACCELERATION EXPERIMENTS

Demonstrating
100 GV/m routinely

Demonstrating many
GeV electron beams

EuPRAXIA INFRASTRUCTURE

T e Ll PLASMA ACCELERATOR
compact plasma accelerator W=1=TgYp\Sleile) M=\ MRl

5 GeV electron beam for the
2020’s

Demonstrating user readiness|

Pilot users from FEL, HEP,
medicine, ...

Demonstrating basic
quality

Plasma-based linear collider in
2040’s
Plasma-based FEL in 2030’s

Medical, industrial
applications soon

ALEGRO oo

Advanced LinEar collider study GROup

Advanced LinEar collider study GROup, ALEGRO: formed at initiative
of the ICFA ANA panel in 2017.

Mission of the ALEGRO community:

* Foster and trigger Advanced Linear Collider related activities for
applications of high-energy physics.

* Provide a framework to amplify international coordination, broaden the
community, involving accelerator labs/institutes

* Identify topics requiring intensive R&D and facilities.

Goal:

* Long-term design of a e*/e’/gamma collider with up to 30 TeV: the
Advanced Linear International Collider (ALIC)

* Construction of dedicated Advanced and Novel Accelerators (ANA)
facilities are needed over the next 5 to 10 years in order to reliably deliver
high-quality, multi-GeV electron beams from a small number of stages.

¢ Today: Existing facilities explore different advanced and novel accelerator
concepts and are proof-of-principle experiments.




Status of Today and Goals for Collider Application
I T S T R

Charge (nC) 0.1 1

Energy (GeV) 9 10

Energy spread (%) 2 0.1

Emittance (um) >50-100 (PWFA), 0.1 (LFWA) <101 Achieved
Staging single, two multiple . .

Efficiency (%) 20 40 Ind IVId ta I Iy
Rep Rate (Hz) 1-10 1034 \q[e

Acc. Distance (m)/stage 1 1-5 Not
Positron acceleration acceleration emittance preservation Si mu |ta neou S|y
Proton drivers SSM, acceleration Emittance control

Plasma cell (p-driver) 10 m 100s m

Simulations days Improvements by 10’

Table 1: Facilities for accelerator R&D in the multi-GeV range relevant for ALIC and with emphasis on specific

challenges
Facility Readiness ANA technique  Specific Goal
= ALEGRO
. @ - =
KBELLA Design study LWEFA e-, 10 GeV, KHz rep rate et s s o
EuPRAXIA  Design study LWFA or PWFA  e-, 5 GeV, reliability
AWAKE Operating FWFA e~/p* collider
FACET II Start 2019 PWFA e, 10GeV boost, beam quality, e~ acceleration

Flash FWD  Operating FWEFA e-, 1.5 GeV, beam quality







Energy management
in the age of
high-power accelerators?



Courtesy: Ph. Lebrun

Energy Efficiency and Management in
Accelerators

Ph. Lebrun

Power consumption of high-energy particle colliders

1000 ‘

[ CLIC 3000 ®

| FCC-hh @
— CLIC 500 ®
g i ®
= LEP2®  1cs00 HL-LHC
2 100 - L
2 @ LEP LHC
T i
(U] L

f Teyatron @

10 L L Lo L Lol Lol
0.1 1 10 100

Collision energy [TeV]

The good news: power consumption grows slower than collision energy
The bad news: future projects need hundreds of MW

4th W Energy for Sustainable Science

A.

Yamamoto, 190512b

&)

Sl

Ph.

Beam power, particle energy, intensity
Linear accelerators

Average beam power

Beam current,

iy
Pyeam = 61; = frep NpulseE

N

Duty factor Repetition frequency

Particle energy

Particles per pulse

Example: ESS proton linac
- E=2GeV
- I =625mA
- 6=4%
Pheam = 5 MW average

Lebrun 4th W Energy for Sustainable Science 11
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European Strategy

Energy efficiency is not an option, it is a must!

Proposed HEP projects are using O(TWh/y), where energy efficiency
and energy management must be addressed.

Investing in dedicated R&D to improve energy efficiency pays off since
savings can be significant.

This R&D leads to technologies which serve the society at large.

District heating, energy storage, magnet design, RF power generation,
cryogenics, SRF cavity technology, beam energy recovery are areas
where energy efficiency can be significantly be improved.



Figure of merit for proposed lepton colliders [ "\

Disclaimers: European §trategy

1. This is not the only possible figure of merit Update
2. The presented numbers have different levels of confidence/optimism; they are still subject to optimisations

1000
- ILC
—4
T 5 -
(T] ; ,(\O =@-FCC-ee (2 IPs)
g = 10 G MAP-MC
< = Q
o i
(@)
=1
S 1 360/(nb MWh) ——
e CLIC
~
Q
0.1
0.01
0.01 0.1 1 10
\/E [TeV] Numbers for baseline proposals

14 May 2019 ESPPu Open Symposium, Granada E. Jensen: Energy Efficiency 43



Expect Shortage of Expert Accelerator Workforce

“Oide Principle” :
1 Accelerator Expert
can spend intelligently
(only) ~1 M$ a year
» + |t takes significant time to

get the team together
(XFEL, ESS)

» Scale of the team: 10B%/10 s 2\
years=1 B3/yr 2 need K.Oide (KEK)

1000 experts < world’s total now ~4500
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Proposed Schedules and Evolution

+15 +20

1.0/ab 0.2/ab 3/ab
500 GeV 2Miop 500 GeV

0.5/ab 1.5/ab

CEPC
ILC
CLIC
FCC-ee
LHeC

ILC 250 GeV 250 GeV
5.6/ab
CEPC 240 GeV
1.0/ab
CLIC 380 GeV
FCC 150/ab

ee, 240 GeV

m Start Physics (higgs) Proposed dates from projects

2022 2030

Would expect that technically required
2024 2033 . ..

time to start construction is O(5-10
2026 2035 years) for prototyping etc.
2029 2039 (2044)
2023 2031

2019
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A linear collider as part of an overall strategy?

2020 - 2038 LHC/HL-LHC

2020 - ~2035 construction
2035-2045 operation
o CLIC or ILC

Develop hadron and muon
machines towards
construction readiness in
2030-2040 range

Develop NAT technologies for
LC colliders

”Physics Beyond Collider”
(PBC) projects

Other projects — CEPC among
them

LCs - Granada - May 2019

- on-going -

Fast access to a high quality e+e-
data, at the lowest possible cost (at
~LHC scale). The scientific case is
well established.

Build in capabilities for higher
energies and new technologies.

R&D for future machine with a
timeline 10-20 years (mainly HF
magnets and pp designs, and muon
machine studies and designs)

R&D for much higher energy LCs
(and linear accelerators in general),
similar timeline

Cover (among others) light dark
matter searches

Operational physics facilities

Programme completed

Physics guidance from HL, LC
stage 1 and PBC (and others)
Technical experience for LC
stage 1

Physics guidance from HL, LC
stage 1 and PBC (and others)
HF magnet R&D progress,
hadron machine design
options, muon TDR

Possibly TDR for use in a LC
facility

Progress

Steinar Stapnes

Options open ~2040-50 2>

2

Could be extended

Possibilities: continue running at
same or increased energy, use
same/improved technology or
introduce NAT

Aim to put proton (FCC type or
more modest) and/or muon
machines into operation

Around 2040-50: Introduce
these technologies — if available
—in LC facility (line above)

Continue ?

Blue: Ring based facility, Red: Linear facility







Goal of HL-LHC

From EC-FP7 HiLumi LHC Design Study application of 2010

The main objective of HiLumi LHC Design Study is to determine a hardware configuration and a set
of beam parameters that will allow the LHC to reach the following targets:

A peak luminosity of L ., = 5x10%** cms™* with levelling, allowing:
An integrated luminosity of 250 fb! per year, enabling the goal of
L. . = 3000 fb! twelve years after the upgrade.

This luminosity is more than ten times the luminosity reach of the

first 10 years of the LHC lifetime.

ate performance established 2015-2016: with same hard
nd same beam parameters: use of engineering iaignis
=7.510* cm%s! and Ultimate Integrated L, . .. ~ 40

1
C should not be the limit, would gxperiment are designing for this goal.

We need to be compatible with it!

f:
=
| 3C
J



LHC / HL-LHC Pla

LHC HL-LHC
{ | |
| Run 3 | Run4-5
LS1 EYETS LS2 LS3 14 TeV
13 TeV 13-14TeV energy
Diodes Consolidation 5to 7.5x
8 TeV splice consolidation LIU Installation cryolimit HL-LHC nominal
7 TeV e button collimators interaction - llati Ium|n05|ty
e R2E project P7 11 T dip. coll. reglons installation
Civil Eng. P1-P5
T T T T T R T TR T R R
ATLAS - CMS radlatlon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosit ; N HL upgrade
75% nominal luminosity _le ALICE - LHCb b 2 X nominal luminasity i
- upgrade

nominal
luminosity /_
-1 -1 integrated
30 b 190 fb 350 fb™" fisciiaen] 3000 fb-1
4000 (ultimate)
HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. |||| PHYSICS |

HL-LHC CIVIL ENGINEER:

DEFINITION EXCAVATION / BUILDINGS

LHC future @ Open symposium EUSPP-Granada May 2019

L.Rossi - 49



Many thanks for the contributions from:

Akira Yamamoto
Vladimir Shiltsev
Lucio Rossi

Michael Benedikt
Steinar Stapnes
Daniel Schulte

Erk Jensen

Edda Gschwendtner
Wim Leemans

Mike Lamont

and all participants in the discussions at the Granada Symposium



Finding Common Denominators * — Three Factors
* 1o be further discussed in the Symposium’s accelerator sessions

« F1“Technology < F2“Energy Efficiency”
Readiness”™ :

- TDR CSI:aN : 100-200 MW
ellow - CDR (&g : 200-400 MW

IEZH - R&D m:>4oomw

e F3 “Cost™ :

BEE: <+

(el : 1-2 x LHC

m » > 2x LHC

51 5/13/2019 Shiltsev | EPPSU slides for summary




52

Higgs Factories
ee Linear 250 GeV
ee Rings 240GeV/tt

U Collider 125 GeV
Highest Energy

ee Linear 1-3TeV
pp Rings HE-LHC

FCC-hh/SppC .

5/13/2015”” CO"‘ 3-14 TEV

Readiness Power-Eff. Cost

-~ “
)+
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The LEMMA Scheme

Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring

10" w pairs/sec from
efe” interactions. The small
production emittance allows lower e
overall charge in the collider rings Positron Linac
— hence, lower backgrounds in a
collider detector and a higher
potential CoM energy due to
neutrino radiation.

Ecom:

10s of TeV

‘tl

Isochronous
Rings

Accelerators: 7 -
Linacs, RLA or FFAG, RCS

100 KW
target

Key concept (original numbers in brackets)

Prodﬁce m)uon beam with low emittance using a positron beam (40 nm vs. 25 um in proton
scheme

No cooling required, use lower muon current

* Positron beam (45 GeV, 3x10! particles every 200 ns) passes through target and
produces muon pairs

. Musori(l)o%nches are circulated through target O(2000) times accumulating more muons
.5x

e Every 0.5 ms, the muon bunches are extracted and accelerated
 They are combined in the collider ring, where they collide

Muon Colliders, Granada 2019
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Key Issues

Small efficiency of converting positrons to muon pairs

. Muonyair production is only small fraction of overall cross section € €
(0(10~))
* Most positrons lost with no muon produced e—l— e o

* Have to produce many positrons (difficult)
* 0O(100MW) synchrotron radiation
» High heat load and stress in target (also difficult)

Two additional severe issues were identified
— The multiple scattering of the muons in the target

¢ Theoretical best emittance of 600 nm instead of
assumed 40 nm

e Reduction of luminosity by factor 15

— Small bunches were accelerated and later merged but
no design exists for the merger

* The combination factor is proportional to beam
energy

e If the combination does not work, loose a large
factor of luminosity

Muon Colliders, Granada 2019

—  0O(1pb
BN M+M (1pb)
— ete
0(100mb), E20.01 E,

utooow
=

Working on a better design
but have to wait and see the
outcome
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Ongoing LEMMA Effort

Address found issues

Positron ring 27 km

* Large emittance from target
* use sequence of thin
targets

e Difficulty of combining

bunches at high energy Muon accumulator

e producing bunches in I Used /
i njecrtion :
pulses fashion J positrons Multi target| <
Multi IP L;rﬁ Extraction
* Positron ring challenge ‘3%%%%%

Photons
Embedded source

e larger ring

* Positron production
* Improved concepts

Did not yet reach competitive
performance
* but work is ongoing

Injector (LINAC-ERL)

Muon Colliders, Grare
55
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