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Abstract: Following the recommendation of the Update of the European Strategy for Particle Physics and in view of rising interest shown in the US
Snowmass process, a new International Muon Collider Collaboration is forming, hosted at CERN. The presentation will introduce the muon collider
concept, the reason for the renewed interest and the main challenges and opportunities.
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Muon Collider Collaboration
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Introduction

Muon collider had been studied mainly in the US (MAP), effort reduced after P5

Other activities mainly in UK (demonstration of ionisation cooling) and at INFN
(alternative muon production scheme)

The Laboratory Directors Group (LDG) appointed a working group (chair N.
Pastrone) to review the muon collider for the European Strategy Update

* Thereport was favorable
The updated strategy recommends R&D on muon beams

The LDG initiated an international muon collider collaboration

» kick-off meeting July 3™, 272 participants

CERN will host the study, we are finalising a Memorandum of Cooperation

Daniel Schulte '
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International Muon Collider Collaboration

Objective:
In time for the next European Strategy for Particle Physics Update, the study

aims to establish whether the investment into a full CDR and a
demonstrator is scientifically justified.

It will provide a baseline concept, well-supported performance expectations
and assess the associated key risks as well as cost and power consumption
drivers. It will also identify an R&D path to demonstrate the feasibility of the
collider.

Deliverable:
Report assessing muon collider potential and describing R&D path to CDR

Scope:
* Focus on two energy ranges:

— 3 TeV, if possible with technology ready for construction in 10-20
years

— 10+ TeV, with more advanced technology
* Explore synergy with other options (neutrino/higgs factory)
» Define R&D path
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Potential Long-Term Timeline

Exploratory Definition

phase phase Technically limited
ﬁm‘mvmmhwmgzﬁﬂﬂﬂﬁgﬁ
Collider Design
Baseline design Design optimisation Project preparatio| Approve
Test Facility
‘ Design Construct Exploit
Technologies
Design / models Prototypes / t. f. comp. Prototypes / pre-series
Ready to decide Ready to commit Ready to construct
on test facility Cost known
Cost scale known
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Lepton Physics at High Energy

High energy lepton colliders are precision and discovery machines

Chiesa, Maltoni, Mantani,

1
V= Em,zzhz + (1 + k)M vh3 + (1 + kA3, hY el e

Preparatory Meeting
Precision potential

A. Wulzer Measure k, to some 10%
With 14 TeV, 20 ab!

Discovery reach
14 TeV lepton collisions are comparable to

100 TeV proton collisions for production of
heavy particle pairs

5 10 15 20 25 30
,/ sy [TeV]

Luminosity goal

(Factor O(3) less than CLIC at 3 TeV) ~ "time 10 TeV
4x10%° cm?s?! at 14 TeV

9
D vears \/E a5 _9 _
I= .0 ( & ) 2.10%cm 257!
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Proposed Lepton Colliders (ESU)

Luminosity per facility

1 | T
000 FCC oo —r—
ILC
- ILC-up.
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g\'.:ﬁ
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| [GeV]
L P?ynmd Ecm L« P RF

= ~C
Jyears
P

time

Maximum proposed energy CLIC 3 TeV
* Cost estimate total of 18 GCHF
* |Inthree stages
* Llargely main linac, i.e. energy
+ Power 590 MW
* Partin luminosity, a part in
energy
* Similar to FCC-hh (24 GCHF, 580 MW)

Technically possible to go higher in energy

But is it affordable?

Cost roughly is linear with energy

Power consumption roughly goes
with the square of energy
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Energy Limit

accelerating cavities

Electron-positron rings are multi-pass
colliders limited by synchrotron radiation

Strong dependence on particle mass
Hence proton rings are energy frontier /

Electron-positron linear colliders avoid synchrotron radiation, but single pass

Energy challenge
Need full voltage in main linac which is costly

Luminosity challenge
Need very small beam size at collision is required, leads to strong beam-beam effects,
requires extremely tight tolerances
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Linear Collider Cost

CLIC cost at 3 TeV is about 18 GCHF

CLIC additional cost at 14 TeV: around 40-50 GHCF

* upgrade 1.5 to 3 TeV about 8 GCHF

* (14TeV-3TeV)/1.5TeV * 8 GCHF = 59 GCHF

* some cost reduction due to large-scale production

* upgrade could be performed in affordable steps but might
have limited interest in each step

Plasma technology might potentially lead to a cheaper
accelerator once it is mature

* much higher gradients

* but many issues to be solved
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Linear Collider Luminosity

For constant technology
* keep bunch charge and length constant
P g g N 1

e

X
* emittances and betafunctions are constant \/ﬁwew \/By €y
— same beam quality and same focusing

Pbeam

— these are not directly linked to the acceleration technology
* emittance is determined by damping rings
* and degradation during acceleration
* betafunction is quality of the focusing system

— actually becomes harder at higher energies
* more emittance degradation

* harder to focus beam because of synchrotron radiation in focusing

system .

* actually already visible at CLIC at 3 TeV

=> Luminosity per beam power independent of energy
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Linear Collider Luminosity

CLIC requires about 300 MW of wall plug power

for the RF to produce 28 MW of beam power N 1
and 300 about MW for other systems (e.g. Lok Pbeam
magnets) \//850 €x \/By €y

For CLIC about 190 MW beam power to reach 40 x 103*cm2s"™! at 14 TeV

If we consider only luminosity above 99% of nominal centre-of-mass energy, we
need about 570 MW beam power

Efficiency from wall plug power into RF systems to beam power is O(10%)
» 50 0(2-6 GW} of total power consumption

Need to add the other systems (which also will increase compared to 300 MW)
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Muon Collider Idea

accelerating cavities

Muons are much heavier than electrons

=> strongly suppressed synchrotron radiation 4

=> can use a ring and profit from multi-pass \E o E 1
Less RF voltage required / m/ R
Can collider beams repeatedly

But muon lifetime is limited to 2.2 ps at rest
=> need to rapidly accelerate to increase lifetime
=> can only obtain limited number of collisions

=> need to deal with decay products (electrons/positrons and neutrinos)
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Proton-driven Muon Collider Concept

MAP collaboration

Proton Driver Front End Cooling Acceleration Collider Ring

__OOA

— a =
-0 = 5|l 8
5 5 5 @ |BREf |5 E p B
£ = 5 35 [P»S¢E 8|8 B 3 = 3
= S B 2 [5i558(988 <98 8
Q = > w3 o 4 |e b § ¢ 8 O
v e @ 5 |EpEy w0 op 598 4 =
8 ] 2l g @a= @3 ¢ Accelerators:
< S o =22 % | Linacs, RLA or FFAG, RCS
= 51T
Acc.el.eratlon to Eoilision
Short, intense proton collision energy
Muon are captured, bunched
bunches to produce
. and then cooled by
hadronic showers G ==
ionisation cooling in matter
Pions decay into muons No CDR exists, no coherent baseline of machine
that can be captured No cost estimate

Need to extend to higher energies (10+ TeV)
But did not find something that does not work

Pirsa: 21030035 Page 13/48



Pirsa: 21030035

Comparing Luminosity in MAP vs. CLIC

Luminosity per beam power
increases with energy in a
muon collider

Overall muon colliders have
the potential for high
energies

May overcome the
luminosity limitations of
linear colliders

/P pgam [10%*cm2s /MW

— ek
I

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

CLIC ===
MuColl -3¢

E., [TeV]

European Strategy advised
to consider muon collider

b
asimina arvanitaki .
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Luminosity Goals

Tentative target parameters

Comparison:
Target integrated luminosities Scaled from MAP parameters CLIC at 3 TeV: 28 MW
\/g f Edt Parameter Unit 3TeV 10TeV | 14TeV
3 TeV 1 ab ! L 10%cm2s1 1.8 20 40
10 TeV | 10 ab—1 N 102 i 18 | 18
g f H 5 5 | s
= r z
14 TeV | 20 ab
Ppeam MW 5.3 14.4 20
Reasonably conservative C km 45 10 14
* each pointin 5 years with = - . N T
tentative target parameters i ' '
* FCC-hh to operate for 25 years & MeV m 7.5 7.5 7.5
* Aim to have two detectors o./E % 0.1 0.1 0.1
* But mlght need SQme o, m : 15 1.07
operational margins
B mm 5 1.5 1.07
Note: focus on 3 and 10 TeV & ki £ = 8
Have to define staging strategy O, pm 3.0 0.9 0.63
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Target Parameter Scaling

3TeV 10 TeV 14 TeV Sealed frora MAR
L 10%** cm st 1.8 20 40 parameters
N 104 2.7 1.8 1.8
Emittance is constant
f Hz 5 5 5 _ ,
R0, = const
Procar MW 5.3 14.4 20
C km 4.5 10 & 14 __ Collider ring
<B> T 7 10.5 10.5 _ acceptance is
' constant
& MeV m T 1.3 £ = oE B i
A % 0.1 0.1 01 “ B
o mm 5 125 1Ll
‘ — Bunch length
B mm 5 1.5 1.07 ] decreases 1
£ um 25 25 25 Fo itk —
o, um 3.0 0.9 0.63 » g
N(] . Betafunction
" decreases
L g oF T‘N 07

CE L.
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Muon Collider Luminosity Drivers

Fundamental limitation
Requires emittance preservation and advanced lattice design

N
[:O(’)/ .,O_(S_OfTNO/Y

/ EEi \

_ Large energy
High energy acceptance Dense beam

High beam power

Luminosity per power increases with energy
Provided all technical limits can be solved

time 10 TeV

2
= N o ]
5years [ VS, 35 9 _
L> — ( £ ) 9.10%em 2™

Constant current for required luminosity

Better scaling than linear colliders
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Exploratory Phase — Key Topics
Physics potential evaluation

Impact on the environment

— The neutrino radiation and its impact on the site. This is known to
require mitigation strategies for the highest energies.

— Power consumption (accelerating RF, magnet systems, cooling)

The impact of machine induced background on the detector, as it
might limit the physics reach.

High-energy systems that might limit energy reach or performance
— Acceleration systems, beam quality preservation, final focus

High-quality beam production, preservation and use

— Target and target area

— Cooling, in particular final cooling stage that does not yet reach goal
— Proton complex
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Proton & pBunching Channel  u Acceleration :
i Source  Channel 3 /

Overall Consideration

!-ciui-.
LR

Drives the beam quality
similar to MAP design

still challenging design with
challenging components

Muon Collider

>10TeV CoM
~10km circumference

Accelerator

4 GeV Target, w Decay u Cooling  Low Energy

B
---------------------------------------------------------------------

Cost and power consumption drivers, limit energy reach
e.g. 30 km accelerator for 10/14 TeV, 10/14 km collider ring
Also impacts beam quality

Drives neutrino radiation and beam induced background
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Source

Intense proton beam is
challenging

Need to make choices
for the target

Ambitious high-field
solenoid

Target has to withstand stress

* liquid mercury target successfully tested at CERN (MERIT)
* but solid target better for safety

* or beads

& OF

Important power of proton driver O(1.3 MW)

* radiation in solenoid

* need to cool

* radiation in downstream systems

* power level considered feasibility but not a huge margin

D. Schulte Muon Collider, March 23, 2021
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Cooling Concept

MAP collaboration

absorber co" - TOP VIEW Superconducting solenoids
1—_-‘—_1__'.___._ High-field normal conducting RF
SIDE VIEW-

== Liquid hydrogen targets

== =~ =
= Compact design

Limit muon decay, cavities with
Z very gradient in a magnetic field

energy loss re-acceleration T c :
P Minimise betafunction with

strongest solenoids

- 1 (14MeV\2 By

dev 1 dber 1 2
ds  (v/c)2ds E = 2(v/c)s E Lr
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Cooling: The Emittance Path

o 5
- @ Specification S gz@ g ;g = = .‘I‘ar:get
0 o 983 0g8 = .
= For acceleration to S = - g g E .
o multi-TeV collider I Z g3 e Phase
10° g E e ) Rotator
: it Front End
— 3u1j00) : %mm,%mm)

Final _—7 '

Longitudinal Emittance (mm)

—
o
o

—_ 000 N OO N HhOO N H»

Cooling post-merge
6D Cooling pEC-IC TR

= 6D Cooling (original
B For acceleration design)

1.0 - to Higgs Factory Bunch

' = Merge
- Lt aarand L o rund L L v rraaud ]
0 ‘
0.0 10° 10° 10%

Transverse Emittance (microns) MAP collaboration
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Cooling: The Emittance Path

- @ Specification X Achieved (simulations) 2 .‘I‘ar:get
- I'w-' i
™ For acceleration to g -
a multi-TeV collider Several ideas to improve final cooling s Phase
]- O- E_ * Need to work out the solution Rotator
i / * Highest field HTS helps it Front End
— Final * Phase space manipulations of beam 5mm,45mm)

N B=OC00 N H~OC00 o B

€
£
)
Q
| =
1]
E Initial Initial
“_r: 10.0 = Final (i (.Y)
% E Cooling post-merge
= 6D Cooling pre-merge
= = 6D Cooling (original
3 § For acceleration HCC design)
1_N tn Hioog Factor\! VCC & & Bunch
Maybe can improve this Hybrid Merge
v C Lo L L ool | Lol J
0 ‘
10.0 10° 10° 10%

Transverse Emittance (microns) MAP collaboration
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Cavities with very high accelerating gradient in
strong magnetic field

Very strong solenoids (> 30 T) for the final cooling
* simplified: Luminosity is proportional to the
field

Integrated system test

NHFML
32T solenoid with low-
temperature HTS

We would like to push
even further

D. Schulte Muon Collider, March 23, 202

hy
asimina arva

Cooling Challenges and Status

MuCool: >50 MV/
min 5T field

Two solutions

* Copper
cavities filled
with hydrogen

* Beendcaps

Pirsa: 21030035
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MICE (in the UK)

Time-of-flight Variable thickness Tth February 2015
hodoscope 1 high-Z diffuser Absorber/focus-coil
(ToF 0) module
¢ Upstream ¢ Downstream
spectrometer module spectrometer module
Muon
I‘Bn::r: , ‘ ‘ ‘ | ‘ Ranger
(MMB) (EMR)
T Liguid-hydrogen ?
Cherenkov ToF1 absorber
counters Pre-shower
(CKOV) Scintillating-fibre (KL)
MICE trackers ToF 2
. . 10-140 o Nature volume 578,
i ; == Upstream ages 53-59 (2020)
0 o O Downstream pag
3\“ : L i .
More particles at smaller » & : . E:;pty
. ,e“'— # . & .
amplitude after absorber [/ : i 2 More complete
is put in place N\l - A s experiment with higher
AR e 3 statistics, more than
MICE ' -
. o one stage required
Principle of ionisation / LN S .
: ‘ 3 d ntegration or magnets
cooling has been [/} : ! Full & BNELs,
denonctrated Y X LH, RF, absorbers, vacuum
4 3 N G is engineering challenge
20 40 60
litude [mm]
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Beam Acceleration

Proton Driver Front End Cooling Acceleration Collider Ring

4 T — oL
. e -0 5 gl £
8 5 3 B |P3Efg|gE g E
5 S g€ 2 (PS5 52|92 78 o 8 8
2 E 2 5 |#2:°g[39S Ep S O
g S Q§§ 8|5 :I%JO 2 33 8 E A Accelerators:
2 g s =|g & “#" | Linacs, RLA or FFAG, RCS
Initially use
* Linacs
Trade-off between cost * Recirculating linacs

and muon survival

Final acceleration
* FFAG (static superconducting magnets)

* or RCS (rapid cycling synchrotron)
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High-energy Acceleration
A /

local field
Rapid cycling synchrotron (RCS) B
* Ramp magnets to follow beam energy o7 e
* Combination of static and ramping
magnets A

* Possible circumference

* 14-26.7 km at 3 TeV

* 0O(30 km) for 10 and 14 TeV
Fast-pulsing magnets (O(ms) ramps))

FFAG
Lattice with high-field magnets that are
static and accommodates different fast-ramping superconducting fast-ramping
b . y . dipole dipole dipole
energies at different location in the T y
magnets EMMA proof of FFA
* Challenging lattice design for large principle
bandwidth and limited cost
* Complex high field magnets Nature Physics 8,
» Challenging beam dynamics 243-247 (2012)

Muon Collider, March 23, 2021
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RCS

Acceleration 0.3 to 1.5 TeV

In hybrid design, need 5 km of

2 T of fast-ramping, normal- Length km 13.8 26.7 26.7
conducting magnets per TeV 8 Tdipole km 236 D 36 ;
beam energy . -

Lo km 6.3 15.8 18.2
O(30 km) for 1.5-5/7 TeV B T -2/2 -1/1 0.34/1.7

* tworingsin same tunnel
* or higher field HTS
ramping magnets

Test of fast-ramping
_ normal-conducting
Magnet coil wrapped -t > S — = magnet dE‘SIgn

Started to work on power with 30 (EERCf MLLGE " ' :

converters (efficient recovery
of energy in ramping magnets,
0(200 MJ) at 14 TeV 3]

. FNAL

12T/s HTS

& 0.6 T max
RF challenge (also for FFA): '

High efficiency for power consumption
High-charge, single-bunch beam (10 x HL-LHC)
Maintain small longitudinal emittance

Need to push
A in field and
| speed

D. Schulte Muon Collider, March 23, 2021 28
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Collider Ring

High field dipoles to minimise collider ring size and
maximise luminosity
4.5 km at 3 TeV, 10/14 at 10/14 TeV

Need to protect from O(500 W/m) beam loss
* 1/3 of beam energy
* large aperture and shielding
* 150 mmin MAP at 3 TeV, 30-50 mm shielding
* open mid-plane magnets : <& 4 | RS-
o EfﬁCientCOOIing 'Zf..'l.,f]l'l::‘?f.‘."i :
V.V. Kashikhin et al.

Strong focusing at IP to maximise luminosity o T
Becomes harder with increasing energy 1 - o T
. . o [ I
Divergence independent of energy ﬁ o — o _H T s,
Challenging triplet design T 5 i & _
///::—_4/’ -
Maintaining very short bunch (1 mm) in large ring A 0 s 8 : 0 sm)

* Careful control of longitudinal motion
* Beam dynamics of frozen beam

Pirsa: 21030035
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Technology

Important progress on high-field magnets

for many projects, HL-LHC, FCC, ...
U.S. MAGNET

\ DEVELOPMENT
: PROGRAM
General development of superconducting

magnets with advanced technologies

(NbsSn and HTS) in all regions 15 T dipole demonstrator

60-mm aperture

For the first energy stage could stay with 4-layer graded coil

more conventional performance
and use more advanced technologies for
high-energy upgrades

Development of conductors (FCC)

Participants
Japan] Russia
U ISTITHTL O .
) i & TVEL
@ KEK
FURUKAWA
[xorea| ELECTRIC

T SJASTED VN st @

iswire

I Finland fUSA | Italy | Switzerland

&5 UNIVERSITE]

IGE‘"'"E‘“\‘ | \ Ita|\4“
=

A% FECHASCHE UNNER
2% mrcaxene r

D. Schulte Muon Collider, March 23, 2021

4= Fermllab
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Neutrino Radiation

{.ih t t&!
muon collider e
‘\‘ straight section
p* — = O,~1/y,
™~
v

Neutrinos can produce showers just when they exit the earth

Due to narrow neutrino beam, radiation can become relevant
Particularly high in direction of the straights

Buy the land concerned, to be worked out with civil engineers

Arcs remain important limit
Dose increases with energy x luminosity, i.e. proportional to E3
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Arcs

\
T~ P4 \ -
? ot spot”

/”@ 4 D v i L lerer 1
N I x aF +— = —
arc "\ oy E B ' 07m) d Ny o5
More efficient phys]cs H Igher ﬁeld Deepe& Denser Larger energy

More years of running shorter gaps tunnel ~ beam spread

in collider acceptance
Typical legal limit 1 mSv/year Mitigate radiation to a level as low as

reasonably possible
MAP goal < 0.1 mSv/year

Similar to LHC
No legal procedure < 10 puSv/year

LHC achieved < 5 puSv/year

Pirsa: 21030035
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\ ¢ v / A

-

gy " 8,~1y,

time
Mokhov, Ginneken: moye beam in collider aperture

Investigate: move collider ring components, e.g. vertical bending with 1% of main field

~2 x 600 m

Opening angle £ 1 mradian

Even at 14 TeV
200 m deep tunnel would be
comparable to LHC case

Need to study impact on beam
and operation, e.g. dispersion
control
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Tentative Detector Performance Specification

10+ TeV collider enters uncharted territory
Need to establish physics case and detector feasibility

Established tentative detector performance specifications in form of
DELPHES card (thanks to M. Selvaggi, Werner Riegler, Ulrike Schnoor, A.
Sailer, D. Lucchesi, N. Pastrone M. Pierini, F. Maltoni, A. Wulzer et al.),
based on FCC-hh and CLIC performances, including masks against beam
induced background (BIB)

* For use by physics potential studies
— Are the performances sufficient or too good?
* For detector studies to work towards
— make sure technologies are reasonable
— ensure background is OK
* Please find the card here: https://muoncollider.web.cern.ch/node/14

Detector simulation studies/design will now have to verify/ensure that this
is realistic considering background and technologies
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Detector

Detector is based on CLIC detector

[

Nozzles added to protect from beam-
induced background (BIB)

Each beam contains one bunch == == o
crossing every 15 us (3 TeV) or e el | T m——
47 us (14 TeV) ngﬁﬁg%@ﬁﬁ” ek

Muon decay rate at 3 TeV:
200,000 bx?! m

Rate decreases with energy but energy
in each decays increases

Simulations for 1.5 TeV with
LineBuilder and FLUKA comparing to
previous MAP results (MARS)

Will study higher energies as machine
designs become available

D. Schulte Muon Collider, March 23, 2021 35
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Alternative: The LEMMA Scheme

Positron Linac IF:{’_ositron Acceleration Collider Ring
ing

Ecom:

[——————] =
Positron Linac ha ! e stiey POS It rO n
v own -
28 23 ~ Ring
§ 8 _g Accelerators: - #
3 Linacs, RLA or FFAG, RCS

45 GeV positrons to produce muon pairs
Accumulate muons from several passages

i~

Isochronous

Low-emittance muon beam can reduce radiation

Rings

Less mature than proton-driven scheme
Large positron current required

Target is challenging

Large positron production rate [O(10'7/s)]
Currently do not reach luminosity goal

100 KW
target
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European Roadmap on Accelerator R&D

LDG has been charged by Council to deliver an Accelerator R&D Roadmap for
Europe by the end of the 2021

The extended LDG will deliver a report to council:

» The scientific drivers for R&D, and the progress needed to enable future
facilities

* The current state-of-the-art, and the further steps to be taken over the
next decade

* Potential deliverables and demonstrators for the next decade

* A prioritised work plan, taking into account the capabilities and interests
of stakeholders

* Arange of scenarios for engagement, ranging from ‘minimal investment’
to ‘maximum possible rate of progress’, with a first estimate of resources
and timeline.

LDG created panels to provide the input for the Roadmap
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Muon Beam Panel

Members: Daniel Schulte (CERN), Mark Palmer (BNL), Tabea Arndt (KIT), Antoine Chance (CEA/
IRFU) Jean-Pierre Delahaye (retired), Angeles Faus-Golfe (IN2P3/IJClab), Simone Gilardoni (CERN),
Philippe Lebrun (European Scientific Institute), Ken Long (Imperial College London), Elias Metral
(CERN), Nadia Pastrone (INFN-Torino), Lionel Quettier (CEA/IRFU), Tor Raubenheimer (SLAC),
Chris Rogers (STFC-RAL), Mike Seidel (EPFL and PSI), Diktys Stratakis (FNAL), Akira Yamamoto
(KEK and CERN)

Foresee three community meetings
* Firstin May, date to be defined
* Please contribute

Will profit from workshop on the muon collider testing opportunities (with
physics potential of test facility):

https://indico.cern.ch/event/1009746/ .

Report ready in September, given to Council in December
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Detector Technologies

Daniel Schulte

Will rely largely on European Detector R&D Roadmap (ECFA)
* Will provide link persons to relevant working groups

Detector R&D Roadmap Panel

assist ECFA to develop & organise the process and to deliver the document

Advisory Panel with

Coordinators: Phil Allport (chair), Silvia Dalla Torre, Manfred Krammer, Felix Sefkow, lan Shipsey
assist ECFA to identify technologies & conveners

Ex-officio: ECFA chair, LDG chair
Scientific Secretary: Susanne Kuehn

TF#L TF#2 TF#3 TR TFH5 TFite TF&7 TF48. TF#9
Gaseous Uquid Solid State Photon Quantum & Calorimetry Electronics & On- Integration Training
Detectors Detectors Detectors Detectors & Emerging detector
PID Technologies Processing
X T X Y T : %

Currently consider the following most important (N. Pastrone)
* solid state tracking

* calorimetry

* emerging technologies

* electronics and in detector processing

Will also include other regions

Physics potential studies and machine background studies will verify if
performances similar to CLIC and FCC-hh are sufficient
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US Snowmass/P5

12

Daniel Schulte

Submitted a number of proposals for white papers
* physics potential

* detector

* accelerator

Growing interest in the community

Aiming to coordinate the regional efforts

International Muon Collider Collaboration (corresponding author: D. Schulte)

Muon Collider Facility (c.a.: D. Schulte)

Muon Collider Physics Potential (c.a.: A. Wulzer)

Machine Detector Interface Studies at a Muon Collider (c.a.: D. Lucchesi)

Muon Collider experiment: requirements for new detector R&D and reconstruction tools
(c.a.: N. Pastrone)

A Proton-Based Muon Source for a Collider at CERN (c.a.: Chr. Rogers)

Issues and Mitigations for Advanced Muon lonization Cooling (c.a.: Chr. Rogers)

LEMMA: a positron driven muon source for a muon collider (c.a.: M.E. Biagini)
Applications of Vertical Excursion FFAs(vFFA)and Novel Optics (c.a.: Sh. Machida)
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Physics Potential N

The muon collider physics potential emerges from a variety of measurements
and searches that offer opportunities for new physics discoveries that are
comparable or superior to “standard” future colliders.

Daniel Schulte

Our studies must be illustrative of the MC potential for new physics
exploration in multiple directions.

Our plans for Snowmass21:
https://indico.cern.ch/event/944012/contributions/3989516/attachments/2091456/3518021/Physics_SnowMass_Lol.pdf

Letter of Interest: Muon Collider Physics Potential
D. BurTtazzo, R. CAPEDEVILLA, M. CHIESA, A. COSTANTINI, D. CURTIN, R. FRANCESCHINI,
T. HAN, B. HEINEMANN, C. HELSENS, Y. KAHN, G. KrNJAIC, 1. Low, Z. Liu,
F. MaLroni, B. MELE, F. MELONI, M. MORETTI, G. ORTONA, F. Piccinini, M. PIERINI,
R. RaTrtazzi, M. SELvAGGI, M. Vos, L.T. WaANG, A. WULZER, M. ZANETTI, J. ZURITA

On behalf of the forming muon collider international collaboration [1]

We describe the plan for muon collider physics studies in order to provide inputs to the Snowmass
process. The goal is a first assessment of the muon collider physics potential. The target
accelerator design center of mass energies are 3 and 10 TeV or more [2]. Our study will consider
energies Ecy = 3,10, 14, and the more speculative Eqy = 30 TeV, with reference integrated
luminosities £ = (Ecm/10 TeV)? x 10ab ! [3]. Variations around the reference values are
encouraged, aiming at an assessment of the required luminosity of the project based on physics
performances. Recently, the physics potentials of several future collider options have been studied
systematically [4], which provide reference points for comparison for our studies.
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Physics Potential N

The muon collider physics potential emerges from a variety of measurements
and searches that offer opportunities for new physics discoveries that are
comparable or superior to “standard” future colliders.

Daniel Schulte

Our studies must be illustrative of the MC potential for new physics
exploration in multiple directions.

Electroweak multiplets at the Muon Collider
And we are not alone

R. Capdevilla, D.Curtin, Y. Kahn, G. Krnjaic, F. Meloni, J. Zurita

August 2020
MUON COLLIDER: A WINDOW TO NEW PHYSICS

Letter of Interest: EW effects in very high-energy phenomena

il el ARINA, G. CuoMo, T. HAN, Y.MA, F. MALTONI, A. MANOHAR, S. PRESTEL, R. Ruiz,
i L. VECccHI, R. VERHEYEN, B. WEBBER, W. WAALEWLIN, A. WULZER, K. XIE

to be submitted to the Theory Frontier (TF07) and Energy Frontier (EF04)

Hi1GGS AND ELECTROWEAK PHYSICS AT THE
MvuoN COLLIDER: AIMING FOR PRECISION AT THE
HIGHEST ENERGIES

eff Berryhill', Push

Beyond the Standard Model with High-Energy Lepton Colliders Dot Denisar, K

hpa Bhat!, K
DiPetrillo', Zolt

ack?, Elizabeth Brost
Hann', Ulrich Hed

Hind Al Ali', Nima Arkani-Hamed?, lan Banta', Sean Benevedes', Tianji Cai', Junyi Cheng',
Tim Cohen®, Nathaniel Craig', JiJi Fan*, Isabel Garcia Garcia®, Seth Koren®!, Giacomo
Koszegi', Zhen Liu’, Kunfeng Lyu®, Amara McCune', Patrick Meade’, Isobel Ojalvo'®, Umut
Oktem', Matthew Reece'!, Raman Sundrum’, Dave Sutherland'?, Timothy Trott', Chris Tully'?,
Ken Van Tilburg®, Lian-Tao Wang®, and Menghang Wang'

Muon Collider: Study of Higgs couplings and self-couplings precision
C. Aimé*, F. Balli®, N. Bartosik®, L. Buonincontri?, M. Casarsa®, M. Chiesa', F. Collamati#,
C. Curatolo?, D.Lucchesi?, B. Melet, F. Maltoni®, B. Mansoulié®, A. Nisati#,

N. Pastrone®, F. Piccinini', C. Riccardi®, P. Sala', P. Salvini', L. Sestini™, L. Vai®, D. Zuliani®

EA Mepeetne 20/ M0 y € £uil - or Collabaration ']
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Conclusion

The muon is a unique promising option at highest lepton energies
We need to fully explore the physics case, which goes well beyond 3 TeV (studied for CLIC)
Have to address the feasibility

A great challenge but also a great opportunity

Workshop on the muon collider testing
opportunities (with physics case):
https://indico.cern.ch/event/1009746/ .

Many thanks to all that contributed
MAP collaboration

MICE collaboration

LEMMA team

Web page: http://muoncollider.web.cern.ch Muon collider working group
European Strategy Update

LDG

Muon collider collaboration

Mailing lists:
MUONCOLLIDER_DETECTOR_PHYSICS@cern.ch,
MUONCOLLIDER_FACILITY@cern.ch

go to https://e-groups.cern.ch and search for groups with “muoncollider” to subscribe

Pirsa: 21030035
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Reserve
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Memorandum of Cooperation

Basically ready, waiting for final polishing
CERN is initially hosting the study

* International collaboration board (ICB) representing all
partners

— elect chair and study leader

— can invite other partners to discuss but not vote (to
include institutes that cannot sign yet)

* Study leader
* Advisory committee reporting to ICB

Addenda to describe actual contribution of partners

Daniel Schulte
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High-energy Frontier Proposals

European Strategy Process just FCC (Future Circular Collider): ; 0 o s J| D2NIEL Schulte

finished FCC-hh
* pp collider with 100 TeV cms

Four main high-energy facilities * ion option

proposed FCC-ee

* two at CERN * Potential e*e first stage
* twoin Asia FCC-eh

* additional option

ILC CLIC
+ 250 GeV electron-positron linear ¢ 380GeV, 1.5TeV and 3 TeV electron
collider positron collider
+ Japan might host { Logena
* limited in energy reach e
CEPC / SppC T
CEPC -
+ e*e collider 90-240 GeV i i
SppC T

« 75-150 TeV hadron
collider later in the
same tunnel

D. Schulte Muon Collider, March 23, 2021

Pirsa: 21030035 Page 46/48



Proposed Projects (ESU)

Daniel Schulte
ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade

0.5 4 10 163 (204) 7.8 GILCU

1.0 300 ?
CLIC ee 0.38 il 8 168 5.9 GCHF

1.5 25 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 GEHE
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF
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Longitudinal Cooling/Emittance Exchange

Dipole {bend) Daniel Schulte

Combined with transverse +Bp
cooling at beginning

Several options considered c:@

Dipole X—> X +7 P p Wedge Absorber

introduces
red d
dispersion (1) uces energy sprea

Incident Muosn Beam Incident Muon Beam

Evacumed - H; Gas Absorber
Dipale Magnet [~— in Dipole Magnet -..___\

Allows 6-D cooling

4—

‘_

4—
Figure 1. Use of a Wedge Absorber Figure 2. Use of Continuous Gaseous
for Emittance Exchange Absorber for Emittance Exchange
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