Status of CLIC and Muon
Colliders



Introduction

CLIC and muon colliders are both lepton
colliders
* Both aim at high energy

* CLIC is being developed by a global
collaboration hosted at CERN

* CLIC is being considered as the next
project for Europe, in competition with
other options

* Muon collider activities do not have a
formal framework right now
* there has been one in the US a few
years ago
* but some activity at INFN and in
the UK
* It is being considered whether muon
collider R&D should be increased in
Europe
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Documents

The CERN Laboratory Directors Group
appointed in September 2017 Jean Pierre
Delahaye, CERN, Marcella Diemoz, INFN, Italy,
Ken Long, Imperial College, UK, Bruno
Mansoulie, IRFU, France, Nadia Pastrone, INFN,
Italy (chair), Lenny Rivkin, EPFL and PSI,
Switzerland, Daniel Schulte, CERN, Alexander
Skrinsky, BINP, Russia, Andrea Wulzer, EPFL and

CERN
Submissions, PIP and physics case :
https://clic.cern/european-strategy to prepare the Input Document to the European
More about CLIC: https://clic.cern Strategy Update

“Muon Colliders,” arXiv:1901.06150

CLIC delivered a CDR in 2012

No CDR exists, even in the US

Information can be found in different
journal publications and talks

)

PHYSICS AND DETECTORS AT CLIC
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https://clic.cern/european-strategy
https://clic.cern
https://arxiv.org/abs/1901.06150

CLIC Collaboration

O Accelerator collaboration
@® [Detector collaboration

¢

@ Accelerator+ Detector collaboration
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Lepton Colliders at High Energies

Accelerate beam in many turns

Use beam many times

Synchrotron radiation grows rapidly with energy
At LEP2 lost 2.75GeV/turn for E=105 GeV

Luminosity per facility
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accelerating cavities

Use a linac to avoid synchrotron radiation

Use muons
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CLIC at 380 GeV

High field => NC structures

. . Drive beam time structure - initial Drive beam time structure - final

High stored energy => high ——

240 ns 240 ns

_ o —> 5.8 us
losses => short, high power I - —
140 us train length - 24 x 24 sub-pulses S MU - -
p u |SES 4.2 A - 2.4 GeV - 60 cm between bunches 24 pulses - 101 A - 2.5 cm between bunches
Iystrons iy . CHOKE-MODE FLANGE

72 units, 20 MW, 48 ps

AT

2.0km
Drive Beam Accelerator
1.91 GeV, 1.0 GHz

DRIVE BEAM
COMPLEX

Delay Loop 20 ms => 200 ns

73 m

@95 m

Decelerators 4 sectors

Decelerator, each 878 m

Time Delay Line
»a?r WS Sy e e e e
) ) ) )N ))))»))))))))))))))))))))))))))))))))))))))))))))))))))))% %’é ZBZDim (L L C L C O (o
e~ Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km ' e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km
300 m \11.4krl1l: A 300 m

) Booster Linic_)
Spl ttor 9 GeV
)»)}\\\ CAPTION

69;‘ 389 m Pre-Injector Primary e Linac CR : Combiner ring
et e*Linac for e* production TA : Turnaround
MA'EOBMECE'?( 359 m 359 m PDR O.If GeV /5 GeV DR : Damping ring
‘(“—.—(«(‘“—oa PDR : Predamping ring
Tar BC : Bunch compressor
get Gun
,(“ BDS : Beam delivery system
7/ ‘ IP : Interaction point
A\ \\((((‘ = @ : Dump
Spin Rotator Injector Linac Pre-Injector DC Gun

2.86 GeV e” Linac
0.2 GeV
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Integrated luminosity [ab™]

CLIC Staging Scenario

RN BRI TR | 3 W
- | Integrated luminosity - _
el Tota ) Stage /s [TeV] L [ab™!]
- |—__ 1% peak 1 1 0.38 (and 0.35) 1.0
E 0.38 TeV 1.5 TeV 2 15 25
4 3 3.0 5.0
5 Ramp up in first years
2 * 10%, 30%, 60% at 380 GeV
I e 25%, 75% for 1.5 and 3 TeV
O ! o | L A n y 3 gyl
0 o 10 15 20 25
Year Implementatio
: .. : n
Baseline polarisation scenario drivebeam — o A
» electrons (-80%:+80%) B oot main beam Zemw—i
° positrons 0% mm  accelerator 100 MV/m /
B accelerator 72 MV/m ;fj""“"“ a e W aWla a_Q —

Operation ratio
* (50:50) at 380 GeV o

* (80:20) at 1.5 TeV and 3 TeV
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unused arcs
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CLIC at 3 TeV

DRIVE BEAM
COMPLEX

)

25km

Drive Beam Accelerator
2.4 GeV, 1.0 GHz

@95 m

Doeolomon 25 sectOfs

\\

AN A
MMM »>»»>»>»»>»»»» g0s #/

Q@

25km

Drive Beam Accelerator
24 GeV, 1.0GHz

Decelerator, each 878 m

I

I L

'

31 1n 31 km e« ,&(«(«(« T
e”Main Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km e*Main Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km
300 m ~, 50.1 km
/ CAPTION
Pre-Injector Primary e Linac CR : Combiner ring
¢*Linac for e* production TA : Turnaround
”AlN BEAM 0.2 GeV 5 GeV DR . Damp|ng fing
o <(((l0—l—<<((((0—~=l PDR : Predamping ring
. Gun BC : Bunch compressor
Balsellne electron BDS : Beam delivery system
polarisation £80% W% IP : Interaction point
\\«((“ : ® : Dump
Pre-Injector DC Gun
¢ Linac
0.2 GeV
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Key Parameters

Parameter Symbol Unit Stage 1 Stage 2 Stage 3
Centre-of-mass energy Vs GeV 380 1500 3000
Repetition frequency Jeep Hz 50 50 50
Number of bunches per train ny 352 312 312
Bunch separation At ns 0.5 0.5 0.5
Pulse length TRE ns 244 244 244
Accelerating gradient G MV/m 72 72/100 72/100
Total luminosity & 10*em™2s™ 1.5 3.7 5.9
Luminosity above 99% of /s Loy 10%em™s™t 09 1.4 2

Total integrated luminosity per year %, fb! 180 +44 708
Main linac tunnel length km 11.4 29.0 50.1
Number of particles per bunch N 10° 5.2 3.7 3.7
Bunch length 0. um 70 o ot

IP beam size o,/ 0o, nm 149129 ~60/1.5 ~ 40/1
Normalised emittance (end of linac) €,/ &, nm 900/20 660/20 660/20
Final RMS energy spread Yo 0.35 0.35 0.35
Crossing angle (at IP) mrad 16.5 20 20

D. Schulte
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Accelerating Structures and Gradient

D. Schulte

Accelerating structures are
tested in specific test stand
* Limit is the breakdown rate

Important production of
normal conducting structure in
many places

* e.g. SwissFEL (at C-band)
demonstrated high precision
production

No. of Structures

X-band Systems and facilities

*» XBoxes at CERN

 (NEXTEF KEK)

*  Test stand at Tsinghua

*  Frascati

« NLCTASLAC

» Linearizers at Electra, PSI, Shanghai
and Daresbury

* Deflectors at SLAC, Shanghai, PSI and

Trieste
* NLCTA
*  Smart*Light
e FLASH

T
[TD18
T8

- [EMTD24/TD26

24
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Drive Beam Demonstration (CTF3)

|_Combinerring
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Drive Beam Results

L=l =3

£ CR.STBPMO155S =

CTF3 measurements:

N
* RF to drive beam Detailed simulations of drive
b o -3 o
efficiency > 95% | a beam performance in CLIC
+  Current multiplication = |
factor 8 < o
*  Most of beam quality o —— LJ
® 145 MV/m X—ba nd -~ f';.l’lrle;fls;?:‘at'_msr:zsxef
. _—0— _2015_12_10_19:49:28ref
acceleration IS atis e sesarie U
—o— _2015_12_10_1450:27 ref

T T - T 1 |
- 5000 5200 5400 5600 S800 6000
-~ . FI T A TR L it

: >
- Measured 145 MV/m gradient on

Drive beam arrival time main beam

with feedback
Energy at screen center= 215.32 MeV
80 T
I PFF Off
EPFF On
60 .
8
% w0l 204 208 212 216 220 22 Drive beam ON
o
S Energy at screen center= 212.25 MeV
20 oflo
New facility: CLEAR
. -10
. Focus on main beam
-3 -2 - 0 1 2 3 0 Drive beam OFF
D. Schulte Phase [degrees]

202 206 210 214 218 222 226
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Luminosity

W AT 2
Can re-write normal i"\.

luminosity formula L = Hp 'nbf-r
dmo .o,

N 1

L o< H D N T Ly f,, —

O 4 I J,t/
Beam current \
Luminosity Beam Quality
spectrum (+bunch length)
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Beamstrahlung Optimisation

™
T 3
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8e+32 |
‘T': 7e+32 } =) o |
B8 ee+32 | =
> 5es32 | I
O 4e+32 | < 1.5
' 3e+32 | 5
T 2e+32 } - 1L
1e+32 -
0 L
2900 2920 2940 2960 2980 3000 3020 3040 0.5 -
E.m [GeV]
0 I I I I I I I i
N 02 04 06 0.8 ‘, 1.2 14 16 18 2
By/B
N~y X E. X0
Oy 1 Oy N
Oy > Oy Choose n, = 1
/ Similar to initial state radiation
L X —

00y
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Note: Beam-beam and Background

Physics studies include luminosity spectrum FE)S'[glzte—SVg/heeler
and background

Beam-beam effects generate leptonic and
Bethe—Heitler

hadronic background Srocess
* Taken into account in the detector design

Landau—Lifshitz
process

J 1 SJ 1

J2

SJ 1

J 1
J2

Cc
)
S42 Macroscopic field €

Macroscopic field &



Emittance and Luminosity
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a 4

L X HD A’Tnbfr Oy = \/ﬁyéy/’)f

Imperfections are main source of final vertical emittance

Damping ring main source of Otherwise would have L = 4.3x1034 cm-2s!
horizontal emittance

Require 90% likelihood to meet static emittance growth target

Norm Ae,
[nm]

Total Design Static Dynamic
contribution  limits imperf. imperf.
Damping ring exit 700 S 0 0
End of RTML 150 1 2 2
End of main linac 50 0 5 5
Interaction point 50 0 S S
sum 950 6 12 12

16
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Vetrtical emittance [pm]

Low-emittance Generation

10000.0
2008 Generation of low-emittance beams now
| maxil  PEPII T
1000.0 . ¢ standard in light sources
. ANKA ) )
100.0 astRIDAPS o Work for CLIC was instrumental in
E ALBA 4 ELETTRA . . .
[ CESRTA eyl Improving ring performances
100 + NSLSI PETRAN o pinGs
: NLC ®, “SLEIL * o SPEARII
i MAXIV "~ ESRE % Als
*iLC DIAMOND
1.0 = L] L *SLS
: CLIC DR .
[ Australian LS
01 T T T T 1
0.001 0.01 0.1 1 10 100
Horizontal emittance [nm]
10000.0 ¢ 2016
: maxi PEPII
*
1000.0
PETRAIIl (3GeV)
ASU e ANKa
100.0 N ASTRID ‘s LEP
. ® BAPS-U ALBA  , ELETTRA
] CESRTA __*
100 o PEPX stsil nstsi PETRANI BESSYII
. E ing- L]
g o espen NG, QEL! SipiL o o SPEARIN
[ ¢ TUSR DIAMOND Il o @ MAXIV "SESRE ® als
FCC.ee (2)* ILC FcC-ee (H)DIAMOND
1.0 = APSTI® ®_ & *SLS
F CLIC DR ¢
[ Australian LS
01 T T T T 1
0.001 0.01 0.1 1 10 100

CLIC and Muc
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Emittance Preservation Example: Main Linac

Goal 90% less than 5 nm emittance 200 m

growth

e Optimised design for stability
* Developed prototype
alignment system
* Model system with codes
* Apply beam-based methods
e Tested methods at SLAC 40

30

20

Before correction o

sl et Algomentaccuracy, o(10um)

0 5tk Further improvement with beam

y [um]

-1
-2

-30

© o
N
I ?’r’;
o
¥
£

300
_40100 120 140 160 180 200 pso | Goal <5 nm |
BPM number Achieved 1.5 nm
_ _ 90% likelihood to stay below 1.5 nm 8 200
After 3 iterations Expectation value: less than 1 nm §
5 150 |
Luminosity expectation value %
including also RTML and BDS =19
3 x 1034 cm2s1, j.e. twice the target o0 |
Important margin is kept .
Studies show also margin for 3 TeV 0 1 2 3
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Example: Beamsize at ATF2

Many challenges had to be addressed ' ! Beam size at ATF-2 reached 41 nm.
| | Intensity dependence (mainly by
="400 [ ! i . .
£l B ~ wake-field) has been studied.
@
D 00 - N oo SEESOUDOIBS
?g 150 \\\\_‘ 4 Skew Sextupoles Installed Skew Sextup qfe Modification
T e R R
B0 | g “.3."”"fnfe"ﬂfrﬂepe"denfeRedufﬁo" ]
i i i . 44 nm . ; '41 nm . .
2010 2011 2012 2013 2014 2015 2016 2017 2018
Sextupole Swapped FONT FB ON
L L ——w—
- \\ P -
I | ” — — — — — — J L/’ — — — — — — W — — — — — — —
- & S —

Seem to understand wakefield effects, would not be sever in colliders
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Technologies

Test module Short final quadrupole prototype Magnet
stabilisation

High efficiency klystrons,
Instrumentation, kickers, ...

Accelerating structure

Drive beam and main
beam modules

D. Schulte CLIC and Muon Colliders, Trieste 2019 20



Examples of Technology Use

SwissFEL

Normal-conducting
FELs exist worldwide

RF frequency
increases

SmartLight: EU co-
funded study on
cheap high-frequency
FEL (led by Trieste)

D. Schulte CLIC and Muon Colliders, Trieste 2019 21



CLIC at CERN

Studies of:

 Civil engineering

 Electrical systems

« Cooling and ventilation

 Transport, logistics and
installation

« Safety, access and
radiation protection
systems

Crucial for
cost/power/schedule

e B moraine
'l B molasse
" I limestone
I shaft
700 1 tunnel
15TeV
_ 600
a 380 GeV.
E
§ w
=
2
@ 300
200
100 |
P
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Schedule

2013 - 2019 2020 - 2025 2026 - 2034 Technically limited schedule

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

2020 2026 2035
Update of the European Ready for construction First collisions
Strategy for Particle Physics
7 years 27 yoors Costs 5.9 GCHF (380 GeV)
| | > +5.1 GCHF (1.5 TeV)
commen (0 E Compten |1 Compin | +7.3 GCHF (3 TeV)
5 380 GeV Physics :é» § 1.5 TeV Physics :% § 3 TeV Physics 0'4 GCH F for the deteCtor

o 'z a4 6 ' 8 ' 0 ' 12 ' 1a ' 1 ' 18 20 ' 22 ' 2a = 26 = 28 30 = 32 34 First collisions in 2035

Ready for construction in 2026
Time fortR&D until then could be sufficigatnd Muon Colliders, Trieste 2019 23



CLIC Cost

Machine has been re-costed bottom-up in 2017-18

* Methods and costings validated at review on 7
November 2018 — similar to LHC, ILC, CLIC CDR
» Technical uncertainty and commercial uncertainty

estimated
8000
7290 m Main-Beam Production
Drive-Beam Production
6000 5890 Main Linac Modules

Main Linac RF
m Beam Delivery, Post Collision Lines
Civil Engineering
4000 Infrastructure and Services
Machine Control, Protection
and Safety systems

MCHF

2000

Ll I

. . Cost [MCHF]
Domain Sub-Domain Drive-beam  Klystron
Injectors 175 175
Main-Beam Production Damping Rings 309 309
Beam Transport 409 409
Injectors 584 —
Drive-Beam Production Frequency Multiplication 379 —
Beam Transport 76 —
Main Linac Modules Main Linac Modules 1329 895
Post decelerators 37 —
Main Linac RF Main Linac Xband RF — 2788
Beam Delivery and B.cam Delivery Systems 52 52
Post Collision Lines Final focus, Exp. Area 22 22
Post-collision lines/dumps 47 47
Civil Engineering Civil Engineering 1300 1479
Electrical distribution 243 243
Infrastructure and Services Sur\'?y and Align.me.m 194 147
Cooling and ventilation 443 410
Transport / installation 38 36
Safety systems 72 114
Machine Control, Protection ~ Machine Control Infrastructure 146 131
and Safety systems Machine Protection 14 8
Access Safety & Control System 23 23
Total (rounded) 5890 7290

Based on industrial study,
reviewed by Jim Clarke, Mike
Harrisson, Philippe Lebrun,
Akira Yamamoto, Lyn Evans

380 GeV Drive-beam 380 GeV Klystrons CLIC 380GeV drive-beam based : 58907 137OMCHF

CLIC 380GeV klystron based  : 7290 13% MCHF

Construction of higher energy stages:

« From 380 GeV to 1.5 TeV, add 5.1 BCHF (drive-beam RF upgrade and lengthening of ML)
« From 1.5TeV to 3 TeV, add 7.3 BCHF (second drive-beam complex and lengthening of ML)

 Labour estimate: ~11500 FTE for the 380 GeV construction

D. Schulte CLIC and Muon Colliders, Trieste 2019
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CLIC Power

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

Drive-beam option: 168 MW 380 168 25 9
1500 364 38 13
3000 589 46 17

W Main-beam injectors
= Main-beam damping rings
Main-beam booster and transport
Drive-beam injectors
W Drive-beam frequency multiplication and transport
W Two-beam acceleration

Main linacs (Klystron) o 0T | 1BV
1 Interaction region Q 3+ ' '
W Infrastructure and services > i
Controls and operations '!g'. i
E 1
Power estimate bottom up (concentrating on 380 GeV o Uy ]
systems) SO ;—l
» Very large reductions since CDR, better estimates of '
. . . . . PRI Y P PR . | I
nominal settings, much more optimised drivebeam 00 5 10 15 20 25

complex and more efficient klystrons, injectors more

LN Year
optimisation, etc

CERN is currently consuming ~1.2 TWh yearly

Further savings possible, main target damping ring RF (~90% in accelerators)

Will look also more closely at 1.5 and 3 TeV numbers —
these numbers are from the CDR in 2012
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Note: Gamma-gamma Collider Concept

Based on e'e” collider 4E o,
Collide electron beam with laser beam before the IP *= mZct
-
‘ X
j’\—' ho, = E
-~

20 p=05 ——
18 p=10--—-
Nv: X P i 1.5 -----
Backscattered photons form a spectrum L 167 p=30 1
o 14t \
EXRT SR IWL'
Practical maximum energy is 83% of - - '; ﬂ”L, A
E 10f ! ' 1 SO
electron energy S ; N Hﬁx
< 8 b, Vi JI07
Luminosity S| s
}
5 2 ‘
0 LS 1 1 1
0.2 0.4 0.6 Ym
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Note: Novel Acceleration Technologies

Focusing (E)

Defocusing Decelerating (£.)

Mainly replace the main linac of Accelerating /

linear colliders with novel ) — =) T - A— .§
. - e _ﬁ- 3" e ...-: i =
technology acceleration == % E2R +?+ + &4 -+ + +

+

+
- + +&+ -+ =i el
Plasma acceleration achieves very e i -l +_-_+:*/Z'_t s s 7 / ectron

high gradients ( > GV/m) Accelerated Witness Bunch
*  Powered with beam or laser

- i y z beam

But are only now starting to consider beam quality
* There are good reasons to worry about beam quality, so need to wait for R&D results

Dielectric accelerating structures promise more modest increase in gradient

Might become interesting in the longer run but not right now
* R&D should be supported if possible

Might become interesting in the longer run
* but not right now
* R&D is interesting



Muon Collider Motivation

Lepton colliders offer the potential of precision measurements
*  Well defined initial conditions
* Low background levels

At high energies they are efficient discovery machines
* Full collision energy available for particle production
e But sufficient luminosity is required

500 +
> 200t
()
=
a 100F-—-—<-—-—-—-= |
& .
50 | :
|
|
|
20 i L i i i i 1 i i i L 'l i 2 i i 1 i i i i 2l i i i i
14 TeV lepton collisions S 10 15 20 3
Are comparable to 100 TeV proton collisions /su [TeV]
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Luminosity Goal

To investigate s-channel processes, luminosities have to increase
quadratically with energy

 From the physics a luminosity goal is defined as

2
Syears [ /S 35 92 1
L > £ 210
~ “time <1OTeV> ces

The main difficulty of electron-positron colliders is to provide the
luminosity at high energies

* Circular collider radiate dramatically at high energy

* Linear colliders can provide linear increase of luminosity for constant
beam current

* Or aconstant luminosity per beam power

A muon collider might break this limit and provide a luminosity that
increases linearly with energy for constant beam power



Linear Collider Scaling with Energy

Low energy

High energy
?\T
n, X B, - Y (crz)% N
Ozt Oy ! Y Oy + Oy
3
T~ R =+ 1 T P, wall
L x H D 5
,. R mc

Luminosity per power is independent of energy

R=0,/0,

D. Schulte CLIC and Muon Colliders, Trieste 2019
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Proton-driven Muon Collider Concept

Proton Driver

—OOA

SC Linac
Accumulator
Buncher
Combiner

MW-Class Target

Front

Capture Sol.
Decay Channel

End Cooling Acceleration Collider Ring

— B ?:D 6
Q = oo
S Bl & & &2
ct5(S &% 3 8
S v o £¢ 5 o
@ Q 8 v O 8 Qo (& O

0 o 5 9 r

Slw ™ S as = c Accelerators:

a | © i -

£ 5 Linacs, RLA or FFAG, RCS

Short, intense proton
bunches to produce
hadronic showers

Pions decay into muons
that can be captured

D. Schulte

Acceleration to

o Collision
collision energy
Muons are captured,
bunched and then cooled
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Collider Parameter Examples

From the MAP collaboration: Proton source

Muon Collider Parameters
Higgs Multi-TeV
Accounts for
Production Site Radiation
Parameter Units Operation Mitigation
CoM Energy
Avg. Luminosity .
Beam Energy Spread 70 0.004 0. 0. 0.
Higgs Production/10’sec 13,500 37,500 200,000 820,000
Circumference km 0.3 2.5 4.5 6
No. of IPs 1 2 2 2
Repetition Rate Hz 15 15 12 6
B* cm 1.7(1(0.5-2) (0.5(0.3-3) 0.25
No. muons/bunch I 102 4 2 2 2
Norm. Trans. Emittance, € 7T mm-rad 0.2 0.025 0.025 0.025
Norm. Long. Emittance, € 7T mm-rad 1.5 70 70 70
Bunch Length, o, cm 6.3 1 0.5 0.2
Proton Driver Power MW 4 4 4 1.6
Wall Plug Power MW 200 216 230 270
D. Schulte CLIC and Muon Colliders, Trieste 2019 32




Key to Luminosity

N e—ZAt/’}/T)
Integrated luminosity of one bunch A E
dro,o,

High bunch charge

High energy For constant
\NO ‘/ longitudinal emittance
LxB ’)/Pbeam

€ \
/ 4 High beam power

High field in collider ring Small emittance

Win luminosity per power as the energy increases

In linear colliders, luminosity per power tends to be energy independent
» except if one changes technology (very short bunches, smaller vertical emittance)

In circular electron-positron colliders luminosity drops rapidly with energy (power =3.5)



Source
Protons =) Target =———) Pions =——=)> Muons

Proton beam

MERIT experiment at CERN Liquid mercury target to

avoid destruction

High power target (8 MW vs. 2-4 MW required) has
been demonstrated

Maximum of 30x10'2 protons with 24 GeV
What could be made available at

CERN (or elsewhere) as a proton
driver for a potential test facility?
D. Schulte CLIC and Muon Colliders, Trieste 2019 34
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Transverse Cooling

Liquid Hydrogen e 1 S‘»olenélds
[ Fieldflip \

n -
- [ ] \
Re-acceleration

& Matching Transport solenoid

) A

energy loss re-acceleration
D. Schulte CLIC and Muon Colliders, Trieste 2019
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Cooling: The Emittance Path

p—
(-
o

—
O
-

Longitudinal Emittance (mm)

—
o

10.0 102\ / 10®° 10

Transverse Emittance (microns)

cge  _as . . . Target
4 |- @ Specification * Achieved (simulations) ':cj ® g
- °
— 1 : °
2 [ For a-cceleratlgn  For acceleration to NUMAX (325MHz| ©
multi-TeV collider et ; 3 2amm) | Phase
g E— injector acceptance 3mm,24mm Rotator
_ ’ t it Front End
4 Final A5mm,45mm)
7 Initial
~ Initial Initial Cooling
Final _ -7 & {Y)
g Cooling post-merge
4 6D Cooling : pre-merge
‘ / 6D Cooling (original
) For acceleration design)
to Higgs Factory vec & HCC Bunch
: s | Verge

D. Schulte
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MICE

Time-of-flight Variable thickness 7th February 2015

hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0)

Y

MICE
Muon )
Beam I| | | | |
(MMB)
T T Liquid-hydrogen
Cherenkov ToF 1 absorber
counters

Downstream
spectrometer module

Upstream
spectrometer module

Electron
Muon

Pre-shower
(CKOV) Scintillating-fibre (KL)
MICE trackers ToF 2

dey 1 dEey 1 [/14MeV\? By

1
ds  (v/c)?2ds E +§(v/c)3 E Lg

MICE allows to address 4D cooling with
low muon flux rate
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MICE Results

No absorber LH2 LiH
The absorber reduces the number of
particle with large amplitude i g

1.2 I 6-140
e .'

1 e
Fra o grnr e e acha e

They appear with smaller amplitude

MICE Preliminary MICE Preliminary MICE Preliminary

L 10-140
- B
Noticeable reduction of 9% emittance T ”
— N : 2|0 4b ‘I‘2‘0I‘I4‘0‘I‘ HI2‘OIH4IO‘I‘
&\5 - == Truth MICE preliminary Reconstructed amplitude [mm]
E 2 :_ ' Simulation ISIS Cycle 2017/03
P = Run setting 7
£ 195 ¢ Data MAUS v3.2.0
© -
X 19F
S E
1.85— 0
o But still some way to go
1755 * 6D cooling
O * Stages
1.7— g
- * Small emittances
1.65
1'6:—I | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 J 1 1 1 1 I 1 1 1 1 | | 1 1
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Other Tests

MuCool: >50MV/m in 5 T field

A number of components has s
been developed T N

FNAL
Breakthrough in

HTS cables

FNAL
12 T/s HTS
0.6 T max

NHFML

32 T solenoid

with low-

temperature

HTS f' Mark Palmer

: | : y
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Test Facility Example

Carlo Rubbia: The experimental realization of the presently described pu+u- Ring Collider may
represent the most attractive addition of the future programs on the Standard Model to
further elucidate the physics of the Ho, requiring however a substantial amount of prior

R&D developments, which must be experimentally confirmed by the help of the Initial
Muon Cooling Experiment(al) program.

Initial Cooling Experiment

Use 100 ns ESS pre-pulse with 3x10*! protons
Yields 3x107 p- and 6x107 u* around 250 MeV
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Beam Acceleration

Proton Driver Front End Cooling Acceleration Collider Ring

—OCA C

|

+ —_— . |0 &
— - - v @ E o |.E 8 oo
< s ¢ ¢ [P3E S ®|s & & e £
£ o S =3 |Ful® c 9|8 2 T S5 ©
T e S E 43928 %|a 88 S8 S
7 & o |8E> g8 L o 2F o ©
S © 88 g I Q2 25 9 2 Accelerators: A
< § o =g & = | Linacs, RLA or FFAG, RCS
An important cost driver Much larger than collider ring

Important for power consumption

A trade-off between cost and muon survival
Not detailed design, several approaches considered

R g
* Linacs N
LY iy

e Recirculating linacs b

H-
"
QUL ORI i

N

N AN
*  FFAGs e
u’r;%%

3¢
T

Challenge is large bunch charge but single bunch
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Collider Ring

Strong focusing at IP to maximise luminosity 1
Becomes harder with increasing energy 6 X §

High field dipoles to minimise collider ring size and maximise luminosity
Minimise distances with no bending

Decaying muons impact accelerator components, detector and public
The latter becomes much worse with energy

Radiation to public in case LHC tunnel use

Might be best to use LHC tunnel to house muon accelerator and have
dedicated new collider tunnel

<————-

llider

\ 0,1y,

“hot spot”

v

cern _J/
Site de Brwo(xln

Site dé Mevrin

Proposal to use LHC as last accelerator ring and
collider ring (Neuffer/Shiltsev) might reduce cost
but creates many specific challenges
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The LEMMA Scheme

Low EMmittance Muon Positron Linac |Positron Acceleration

Accelerator (LEMMA): Ring
10" p pairs/sec from

e'e” interactions. The small

Collider Ring

Ecom:

production emi.ttance allc?ws Ic?wer : C— 10s of TeV
overall charge in the collider rings Positron Linac =
— hence, lower backgrounds in a

Rings

collider detector and a higher
potential CoM energy due to
neutrino radiation.

100 KW
target

Accelerators: ? H
Linacs, RLA or FFAG, RCS

Isochronous

Key concept:

Produce muon beam with low emittance using a positron beam
No cooling required
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The LEMMA Scheme

Key concept (original numbers in brackets) POS itron

Produce muon beam with low emittance using Ri ng
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

* Muon bunches are circulated through
target O(2000) times accumulating more
muons (4.5x107)

 Every 0.5 ms, the muon bunches are
extracted and accelerated

 They are combined in the collider ring,
where they collide

o
¢

100 KW
target
=
Isochronous '
Rings




Key Issues

Small efficiency of converting positrons to muon pairs - 4+ —
*  Muon pair production is only small fraction of e e — [V

overall cross section (0(107)) 4+ +
Most positrons lost with no muon produced e e —e e
0(100mb), E,>0.01 E,

O(1pub)

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

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

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

* 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 e’
energy

* If the combination does not work, loose a large Working on a b.etter design
factor of luminosity 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

* Difficulty of combining
bunches at high energy
* producing bunches in
pulses fashion

Muon accumulator

o Used
<In jection positrons

Multi target
Multi IP Lin

Photons hq
mbedded source

l

Extraction

* Positron ring challenge
* larger ring

* Positron production
* Improved concepts

Did not yet reach competitive
performance
* but work is ongoing

Injector (LINAC-ERL)
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Beam induced background studies
on detector at/s =1.5TeV
arXiv:1905.03725

MARS15 simulation in a range of £100 m

around the interaction point
750 GeV beam |
E ’I(—r_'_\;_‘_l. J"“‘ —pht
<

-
o
4

— neutrol

g 1062 ;L\HLL‘ electrons
ff L |, Wﬂ:::::ﬁfﬁi
N LA a1
E 0§ i JI L™
N ;gms; HJ Al Ly LITT'J fJIJLLﬂHﬁn L'w
o ::o * IP muons 5 022 ILFJJIJJIﬁ H H n I N L~
* - 10%E Ll H A | Jnur
=% 2 beckroind =Tl LR R AR I
10 VT . '\" 10§
. ° w‘o’ﬁ¢$¢ :.......... W L
10° ‘e + «* ?ﬁ% dooo 2000 1000 0 1000 2000 3000
. \N g Distance from u decay point to IP [cm]
104 f” . Y Particle composition of the beam-induced
f e WMW} L background as a function of the muon decay
i M distance from the interaction point
v P pEmEST T

0
TOF TO [ns)

Simulated time of arrival (TOF) of the beam background particles to the tracker modules
withsrespect to the expected time(TO)dofiarphotontemitted from IP 47


http://arxiv.org/abs/arXiv:1905.03725

Conclusion on Muon Collider

* Can muon colliders at this moment be considered for the next project?
* Enormous progress in the proton driven scheme and new ideas emerged
* But at this moment not mature enough for a proposal

* 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?
* Set-up an international collaboration to promote muon colliders
* Develop a muon collider concept based on the proton driver and considering the existing
infrastructure.
* Consolidate the positron driver scheme
* Carry out the R&D program toward the muon collider.
* Muon production and cooling is key => A new test facility is required.
* 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
* imitations of existing tunnels, e.g. radiation issues
* optimum use of existing accelerators, e.g. as proton source



DETECTOR

Proposed Tentative Timeline

CDRs TDRs

R&D detectors Prototypes Large Proto/Slice test
MDI & detector simulations

MACHINE

Design

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
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Conclusion

CLIC is based on mature technology and can reach 3 TeV

An implementation in stages is foreseen

* 380 GeV

*1.5TeV

*3TeV

The cost of each stages is roughly equivalent to the LHC cost

The project is technically ready to produce a TDR and to start construction in several years

It is now up to the European Strategy for Particle Physics to decide how to continue with the
project

The muon collider has promises to be able to go to multi-TeV energies

A baseline has to be developed

A test facility will be essential

Two approaches currently exist, the proton driver and the positron driver, which has to be
consolidated

It is now up to the European Strategy for Particle Physics to define the priority of this R&D in
preparation of the long-term future



D. Schulte

Reserve

CLIC and Muon Colliders, Trieste 2019

51



Comparison

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




Key to Luminosity

_; - > , 2
A/ Z N e Aty )<- _Z(Noe—zAt/’yT) O(NOQB

dro,o i=0
2 OF
A r B NO 3=~ o0, f = const
0.4
47T€ﬁ/<7 5 1 opo, = const
Y 1
5 9 Note: this might be Tz X ;
N ,-y limited by technology
A/ﬁmBO
€

\ _
L x B_O'Ypbeam
€
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Collider Parameter Examples

Muon Collider Parameters

Higgs Multi-TeV
Accounts for
Production Site Radiation

Parameter Units Operation Mitigation
CoM Energy TeV 0.126 1.5 3.0 6.0
Avg. Luminosity 10**cm™s™ 0.008 1.25 4.4 12
Beam Energy Spread % 0.004 0.1 0.1 0.1
Higgs Production/10’sec 13,500 37,500| 200,000 820,000
Circumference km 0.3 2.5 4.5 6
No. of IPs 1 2 2 2
Repetition Rate Hz 15 15 12 6
* cm 1.7(1(0.5-2) (0.5(0.3-3) 0.25
No. muons/bunch I 10% 4 2 2 2
Norm. Trans. Emittance, €4 7T mm-rad 0.2 0.025 0.025 0.025
Norm. Long. Emittance, €, 7T mm-rad 1.5 70 70 70
Bunch Length, o, cm 6.3 1 0.5 0.2
Proton Driver Power MW 4 4 4 1.6
Wall Plug Power MW 200 216 230 270




Potential Approaches

Acceleration is important for cost and power consumption
No conceptual baseline design yet

But different options considered

A whole chain is needed from source to full energy

Recirculating linacs
e Fast acceleration but typically only a few passages
through RF, hence high RF cost

FFAGs
e Static magnets, but only limited increase in energy
possible

Rapid cycling synchrotron (RCS) . DC B, : pulsed from —B,;,
e Potentially larger acceleration range at affordable cost Packing factor I1<1
* Could use combination of static superconducting and
) ) P & B/ <B>C=2nE,,,, /0.3, eg. 146 T xkm
ramping normal-conducting magnets Y for 7 TeV and 26.7 km

e But have to deal with energy in fast pulsing magnets

Challenge to achieve a combination of high efficiency, low cost and good beam quality
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Collider Ring

Strong focusing at IP to maximise
luminosity

Becomes harder with increasing
energy

High field dipoles to minimise collider ring

size and maximise luminosity
Minimise distances with no bending

CERN
Site de Ppevessin

Site dé Mevrin
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Proposal to combine last accelerator ring and
collider ring (Neuffer/Shiltsev) might reduce
cost but creates many specific challenges

Decaying muons impact accelerator
components, detector and public
The latter becomes much worse with energy

Radiation to public in case LHC tunnel use
Might be best to use LHC tunnel to house

muon accelerator and have dedicated new
collider tunnel



Beam induced background studies
neutrino radiation hazard

, “hot spot” D epth (m)
muon collider
_ - " 50. 150. 250.350. 450. 550.
\ st . 10 I : i i :

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

— w1th wobblmg

Ambient dose assuming 1.2 x 10%*decays/year

Need to study for higher energies (scaling E3) 2

Straights in LHC might increase problem
= Another reason to consider this as accelerator 01

il

N N N I T
0 10 20 30 40 50 60 70 80 9 100

Distance (km)
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Conclusion

We think we can answer the following questions

* Can muon colliders at this moment be considered for the next project?
* Enormous progress in the proton driven scheme and new ideas emerged
* But at this moment not mature enough for a proposal

* 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.
* 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
* [imitations of existing tunnels, e.g. radiation issues
e optimum use of existing accelerators, e.g. as proton source



Recommendations

Set-up an international collaboration to promote muon colliders and organize the effort on

the development of both accelerators and detectors and to define the road-map towards a
CDR by the next Strategy update.

Develop a muon collider concept based on the proton driver and considering the existing
infrastructure.

Consolidate the positron driver scheme addressing specifically the target system, bunch
combination scheme, beam emittance preservation, acceleration and collider ring issues.

Carry out the R&D program toward the muon collider. Based on the progress of the proton-
driver and positron-based approaches, develop hardware and research facilities as well as
perform beam tests. Preparing and launching a conclusive R&D program towards a multi-TeV
muon collider is mandatory to explore this unique opportunity for high energy physics. A well
focused international effort is required in order to exploit existing key competences and to
draw the roadmap of this challenging project. The development of new technologies should

happen in synergy with other accelerator projects. Moreover, it could also enable novel mid-
term experiments.



Muon Collider Working Group Findings

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

The development of the challenging technologies for the frontier muon accelerators has
shown enormous progress in addressing the feasibility of major technical issues with
R&D performed by international collaborations.

In Europe, the reuse of existing facilities and infrastructure for a muon collider is of
interest. In particular the implementation of a muon collider in the LHC tunnel appears
promising, but detailed studies are required to establish feasibility, performance and cost
of such a project.

A set of recommendations at the end will allow to make the muon collider technology
mature enough to be favorably considered as a candidate for ehigh-energy facilities in
the future.



