Riunione Referee — 25 luglio 2024

R&D Muon Collider

Stato collaborazione internazionale IMCC
attivita INFN in corso e future - sinergie

TORINO UON Collider
# Collaboration

Nadia Pastrone INEN [ntemanoa.

Gruppi INFNin RD_MUCOL @ CSN1 121 persone/30.2 FTE

RD MUCOL @ CSN1 — ESPP A MUCOL @ GE — UE-MUCOL - UE-I FAST
BA BO FE GE Ml MIB LNF LNLLNS NAPDPIPVRM1RM3TOTS
Physics, Detector R&D, MDI, Crystals/Targets, Accelerator Activities
iFasT OMUSE® % MuCol
. AIDA EuRre:LAB A
innova | s HORIZON-INFRA-2022-DEV-01-01

SSSSSSSSSSSSS




Motivation for a multi-TeV Muon Collider

Strong interest in high-energy, high-luminosity lepton collider
 combines precision physics and discovery reach
e application of hadron collider technology to a lepton collider

Muon collider promises sustainable approach to the energy frontier

International
UON Collider
Collaboration

* limited power consumption, cost and land use = site evaluation and reuse of existing tunnels

Technology and design advances in past years

* reviews of the muon collider concept in Europe and US found no insurmountable obstacle

* identified required R&D, documented in accelerator R&D Roadmap
e first parameters’ report submitted October 2023

Aim at 10+ TeV and potential initial stage at 3 TeV
NEW OPTION: initial 10 TeV stage at reduced luminosity

Interim report https://arxiv.org/abs/2407.12450

Strong support by P5 Report @ December 2023

NEW
European Strategy
for Particle Physics Update

Input documents
due by
March 31 2025

Council approval expected
June 2026



https://arxiv.org/abs/2407.12450
https://www.usparticlephysics.org/2023-p5-report/

Accelerator R&D Roadmap

Bright Muon Beams and Muon Colliders

Panel members: D. Schulte,(Chair), M. Palmer (Co-Chair), T. Arndt, A. Chancé, J. P.

/«Interna/tional
UON Collider
Collaboration
Delahaye, A.Faus-Golfe, S.Gilardoni, P.Lebrun, K.Long, E.Métral, N.Pastrone, L.Quettier, .
T.Raubenheimer, C.Rogers, M.Seidel, D.Stratakis, A.Yamamoto presented to CERN Council in December 2021
Associated members: A. Grudiey, R. Losito, D. Lucchesi published https://arxiv.org/abs/2201.07895

now under implementation by LDG + Council...

Technically limited timeline
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https://arxiv.org/abs/2201.07895

International Muon Collider Collaboration @ CERN

After the ESPPU recommendation in June 2020: L%eNrgi}i(;{::
Laboratory Directors’ Group (LDG) initiated the Muon Collider Collaboration July 2, 2020 ¢

ollaboration

Objective: Project Leader: Daniel Schulte
In time for the next European Strategy for Particle Physics Update, the Design Study based at CERN since 2020 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.

Scope:

e Focus on the high-energy frontier and two energy ranges:

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

— 10+ TeV with more advanced technology, the reason to choose muon colliders

e Explore synergies with other options (neutrino/higgs factory) Do not yet have the resources of the reduced scenario
e Define R&D path Priorities with available expertise and resources

Are approaching O(40 FTE)

Efforts to increase resources



IMCC Organization after the Roadmap

e Study Leader Daniel Schulte

* Deputies: Andrea Wulzer, Donatella Lucchesi, Chris Rogers

CERN is host organisation, can be transferred to other partner on request of CERN and with approval of ICB
Will review governance in 2024, US could join at that time

ther regional
body
International Collaboration Board : International Advisory

represents the partners Committee

\ /

Coordination Committee
& executes the study

Steering Board oversees study (only Study Leader in MoC)
only Study Leader in Mo

and links to regional supervision

T T T T T

MoC signed by CERN CEA INFN STFC-RAL ESS IHEP
and different universities in EU, US, China

19 countries: CERN, IT, US, UK, FR, DE, CH, ES......

* Collaboration Board (ICB)
Elected chair : Nadia Pastrone

» Steering Board (SB)
* Chair Steinar Stapnes,
 CERN members: Mike Lamont, Gianluigi Arduini,
Dave Newbold (STFC), Pierre Vedrine (CEA),
Beate Heinemann (DESY)
ICB chair and SL and deputies

* International Advisory Committee (IAC)

Chair Ursula Bassler (IN2P3)

Coordination Committee

=

Donatella
Lucchesi

CHINA, KOREA, INDIA..... Interest from Japan.

80 institutes

Giove | ,cio

Rossi

Dario l I

International
UON Collider
Collaboration

Resources
Addenda
Grey Book
@ CERN



IMCC Organization after the Roadmap

* Study Leader Daniel Schulte _
* Deputies: Andrea Wulzer, Donatella Lucchesi, Chris Rogers /“\{j‘gﬁ{giﬁ\?g‘;ﬂ
C

ollaboration

* Collaboration Board (ICB)
* Elected chair : Nadia Pastrone
» Steering Board (SB)
* Chair Steinar Stapnes,
CERN is host organisation, can be transferred to other partner on request of CERN and with approval of ICB * CERN membe rs. Mlke La mont, Glan|UIg| Ard uini,
Will review governance in 2024, US could join at that time Dave Newbold (STFC)' Mats Lindroos (ESS),
Pierre Vedrine (CEA) , ICB chair and SL and deputies
* International Advisory Committee (IAC)

International Advisory
Committee

= Coordination Committee

International Collaboration Board :
represents the partners [ e

\

Coordination Committee
& executes the study

Steering Board oversees study (only Study Leader in MoC)
only Study Leader in Mo

and links to regional supervision

T T T T T

MoC signed by CERN CEA INFN STFC-RAL ESS IHEP Donatel!a
and different universities in EU, US, China Lucchesi

Giove Lucio

Resources — Addenda — Grey Book @ CERN :

Rossi



Tentative Timeline (Fast-track 10 TeV)

Only a basis to start the discussion, will be reviewed this year

2025 2030 2035 2040 2045 2050 2055 2060 2065
Demonstrator Need at least two years of

demonstrator operation (better more)

_ Decision+greparation
Cqll Test Site constrllction Need RF teSt Stand before

]ell components/protptypes | I

e11 site operation Decision starting in 2036

Demonstrator instdllation/operation

Collider

2o s o0 Estimated 10 TeV

Preparation

Civil engineering ‘ COﬂStFUCl‘IOh/InSta”ahon

Installation/commissfioning

Initial operation
bhutdown 1
Run 2

Bhutdown 2

Run 3

Different initial estimates for detector
But need to develop robust timeline




Key Challenges @ 10 TeV Experiment design

Physics case

I\nterna/tional
) l\UON Collider
Collaboration
Beam-induced
background

Drives the beam quality
Requires a Demonstrator

Accelerator

Muon Collider

M Injector o 10TV Col Ring %
~10km circumference I
/
[ ',
........ P2 i
vog NG ’0
: 4 GeV Target, mDecay p Cooling  Low Energy 4
Proton & uBunching Channel  uAcceleration géé
%, Source Channel : Bt T = =
Dense neutrino flux
. mitigated by mover system
Cost and power consumption limit energy reach ] i
and site selection

e.g. 35 km accelerator for 10 TeV, 10 km collider ring
Also impacts beam quality



Project Organization

International Muon Collider Collaboration /t MuCol EU Design Study /(‘:‘\ho%cudl

S ) MuCol | [l
N # Council > uto
CERN Council Comvioson
International I
/ \UONCoIIider
Collaboration

MuCol Consortium
Study Leader
‘ Management - Governing Board Advisory Committee
fr‘\ :“.“".“ o '.El'.'.‘.}' Committee

| | 1
Project Office I

Collaboration Steering Advisory WH1 - Coordination  |f| WPS3 - Proton Complex
Board Board l Committee ang Communication -
WP2 - Physics and WP4 - Muon WP6 - Radio P8 - Cooling Cell
- Detector Requirements [l Production and Cooling Frequency Systems Integration
| 4

Coordination
Committee

|

WP7 — Magnets
Systems

WPS —High-Energy
Complex

—

Physics e e US INFN is deeply involved and play the role
S Muon = = of main responsibility or at least deputy
i D Detecons responsibility on the outlines WP:
T BT{:;‘;“ A : WP6 RadioFrequency Systems
WP7 Magnets Systems
iV SO rs * WPS8 Cooling cell Integration

Site / NF Effects Detectors
 WP2 Physics&Detector — MDI

pio Sin
and coolling



Status of IR lattice design @ 10 TeV

Challenges: small B*, large [ functions in FF,

T

Version UsS MAP
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dipolar component)
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Attivita R&D Acceleratori
simulazioni — prototipi — misure di laboratorio

MI, GE, LNL, LNS, NA, PD, TO, TS (FE, RM1, RM3)

* Magneti (MI-LASA, GE) = progetto ESPP, EU-MuCol (WP7)

* Radiofrequenze SC (SC-RF) (MI-LASA) =» progetto ESPP , EU-MuCol (WP6)

* Radiofrequenze NC-RF (MI-LASA,LNL,LNS,NA) =» progetto ESPP , EU-MuCol (WP6)
* Integrazione cooling cell (MI-LASA,LNL,LNS,NA,TO) = EU-MuCol (WP8)

* Machine Detector Interface = progetto ESPP (personale), EU-MuCol (WP2-WP5)

International
UON Collider
Collaboration

CRUCIALE PER STUDI DI FISICA E DETECTOR — PERFORMANCE MACCHINA

 Cristalli per i fasci, misure di laboratorio per finestre sottili in fase di definizione

ESPP_A_MUCOL = approvato dal MAC INFN
WP1 - Machine Detector Interface
WP2 - lonizing Cooling Cell design and integration:
- normal-conducting RF cavities
- high field solenoidal magnets
WP3 - Superconducting RF cavities: fast frequency tuner system
WP4 - High Field dipole Magnets technologies 11




Highlights 2024

International
* New lattice @ 10 TeV ==> design new detector/magnet @ 10 TeV /:}HZT,(?:’;'J%;

* MucCol EU project driving cooling cell design/integration
* MuCol Cooling Cell Workshop @ CERN January 18-19

e MDI Workshop @ CERN March 11-12

* IMCC Annual Meeting @ CERN — March 12-15

* INFN at the 2025/6 European Strategy for Particle Physics Update @ Roma

e LDG Community Workshop on Accelerators Roadmap — meeting @ BNL June 6-7
e |IMCC Detector and MDI Workshop @ CERN June 25-26

* |PAC 2024 - ICHEP 2024 .....

e |naugural US Muon Collider Meeting @ FNAL August 7-9

* Input documents by March 2025


https://indico.cern.ch/event/1335151/
https://indico.cern.ch/event/1353612/
https://indico.cern.ch/event/1325963
https://agenda.infn.it/event/39747/
https://indico.cern.ch/event/1413617/
https://indico.cern.ch/event/1402725
https://indico.fnal.gov/event/64493/

Machine Detector Interface - beam-induced background

Background is a significant driver for MDI design - background sources: /V\'L;‘geNfgiﬁz?;:J
Collaboration

e Muon decay
Beam halo losses and Beam-beam (mainly incoherent e-/e+ pair production)

Detector Many

Inte
/:;‘}H‘Z Conical absorber inside detector (nozzle)
Shield the detector from high-energy decay Handle background by suitable choice of concepts
products and halo losses (requires also an detector technologies and reconstruction £ MAP!
optimization of the beam aperture) techniques (time gates, directional i .
: suppression, etc.)

Interaction region (IR) lattice
Customized IR lattice to reduce the loss
of decay products near the IP

IR masks/liners and shielding
Shield the detector from particles lost in
final focus region (requires also an
optimization of the beam aperture)

Transverse halo cleaning

Sole.nOId Clean the transverse beam halo far
Capture seco.ndarles produced r.\ear from the IP to avoid halo losses on the
the IP (e.g. incoherent e-e+ pairs) aperture near the detector (IR is an

aperture bottleneck)




MDI — Status and next steps

1) Muon decay along the ring
2) Incoherent e*e™ production during bunch crossing at IP
3) Beam halo losses

s Atlow energy, /s = 3 TeV, 1) dominates Studies performed
with MAP configuration
e Athigh energy, +/s = 10 TeV, 1), 2), 3) under evaluation

dN/dt [1/s]

The design of the interaction regions at /s = 3 TeV
(Fermilab) and /s = 10 TeV (CERN) are now available.

Beam-induced background is studied at both 1/s by using
the MAP detector absorber protection structure , nozzle.
Optimization of a such a structure in progress.

The technical design of the nozzle started:
= |ntegration and support inside detector
= Shielding segmentation and assembly
= Selection of specific material (tungsten

—> machining is an important aspect
= Heat extraction (cooling)
= Alignment, vibrations, tolerances, etc.

= Dedicated vacuum chamber inside nozzle

pry
o
o

Workshop @ CERN
11 - 12 March
impressive progress

Vs=10vs 3 TeV

Photons - 10 TeV

- Muon Collider — Pt
; Simulation —Ele:::ns/posnrons

—— Hadrons
Photons - 3 TeV

o

80

heavy alloy)

@ IMCC and MuCol MDI workshop 2024

Mar 11-12, 2024
CERN Q
EuropeiZurichtmezone

ress of the MDI and interaction region design for the 3 TeV and 10
and technical | Past will be
as well as plans for future studies will be highlighted

The workshop will also provide a summary of the detector design studies, with particular focus on the
tech tigate the effect of the beaminduced background on the physics object )

£ 1:00
Time [ns]



https://indico.cern.ch/event/1353612/timetable/

Time-critical Developments

Identified three main technologies that can
limit the timeline

Muon cooling technology
* RF test stand to test cavities in magnetic field
* Muon cooling cell test infrastructure
* Demonstrator
*  Muon beam production and cooling in (-0

several cells - 3—__”___E

Magnet technology
e HTS solenoids
* Collider ring magnets with Nb3Sn or HTS

\ *'I

Important Developments

Detector technology and design
 Can do the important physics with near-term technology

coils [ 50

B8

y (m)

0.0 02 0.4 06 08
z(m)

RF S/olenoid Abs/orber

o e = = == = ==
R BB R

and Matching Downstream
Instrumentation

== High-intensity high-energy pion source

et Collimation and
phase rotation

e But available time will allow to improve further and exploit Al, Ml and new technologies

International

40 /«
F30 —~ Co

UON Collider
[laboration
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Attivita INFN — FTE — progetti in sinergia

B -

International
UON Collider
Collaboration

SEDE FTE MucCol AIDA/PRIN ATTIVITA'
*100 I.LFAST/IRIS |FISICA/SIMULAZIONI |R&D DETECTOR [ACCELERATORI COMMENTO PRIN DRD
BA 360 X X Fisica HCAL HPTPC calo X
BO DTz 125 X X Fisica teo e Fast ramping Magnets
FE DTz 60 X X Cristalli X
GE 160 130 X Magneti
LNF 270 30 X CRILIN calo X
LNL DTZ 10 X RF +( bersagni sottili)
LNS DTZ 135 X RF
mi 235 65 80 X Magneti e RF
MIB DTz 20 X Test facility-dimostratore
NA DTZ 10 10 X RF
P DTZ 40 X Fisica Detector
PD 415 20 10 X X Fisica Detector Calcolo MDI Dimostratore
PV 185 X Fisica e picosec+ generatori teo gas
RM1 260 20 10 X X MDI fisica e bersagli/materiali
RM3 DTZ 10 X fisica
TO 295 20 5 X X X fisica R&D detector MDI e accel gas X

RD_MUCOL MuCol AIDA/PRIN/IRIS/I_FAST/aMUSE
TOT FTE 30,2 24,6 4,5 1,1



Demonstrator Facility: a crucial step forward!

Sl ibeiner Planning demonstrator facility with muon production target and cooling stations
s R AT ]
; ___‘__P . . .
 E——— o Suitable site exists on CERN land and can use PS proton beam
and Matching ownstream
~<g BB =+ High-intensity high-energy pion source instrumentation * could combine with NuStorm or other option
e Possibility around TT10 -

@ CERN

International Muon Collider Collaboration: Demonstrator Workshop
@ FNAL October 30 — November 1, 2024



https://indico.fnal.gov/event/64984/

Always investigating synergies on physics and technologies

GraZieI \Muon4Futu’re ==
domande?

e — —

High-priority future initiatives [..]

In addition to the high field magnets the accelerator R&D roadmap could contain:

[..] an international design study for a muon collider, as it represents

a unique opportunity to achieve a multi-TeV energy domain beyond the reach of e*e colliders, and
potentially within a more compact circular tunnel than for a hadron collider. The biggest challenge
remains to produce an intense beam of cooled muons, but novel ideas are being explored.
L L o R T e N

S 5
g . o

cccccccccccc

Annual Meeting 2024


https://agenda.infn.it/event/42349/

Grazie!
e domande?

extras

19



Colliders timescale:

Bl Pproton collider
Bl Electron collider
Muon collider

B Construction/Transformation
Preparation / R&D

Snowmass 2021

7 12

Snowmass2021

Options @ 10 TeV Scale

18 30

2038 start physics Project Cost A

s " ILC: 250 GeV 500 GeV 1 TeV (no esc, no cont.)

= years 20km tunnel 2 ab? 4 ab? =4-5.4 ab*! MC-10

£

31km tunnel 40 km tunnel TFCChh-100
2035 start physics
g CepC: 90/160/240 GeV
. e
;S { 100km tunnel ,w75,3° ab? SppC: 75-125 TeV, 10-20 ab'™ Proposal Name ‘
| MC (14 TeV)
FCC-hh (100 TeV)
LHC HL-LHC (14TeV, 3 ab™)
(13.6TeV, 450 fb')
2048 start physics

= 100km tunnel, installation ECC-ee: 90/160/250 GeV installation

& -150/10/5 ab” FCC hh: 100 TeV = 30 ab™

(&)

2048 start physics
CLIC: 380 GeV 1.5 TeV 3 TeVv
holding 11 km tunne! SR 2.5 ab* 5 ab
29 km tunnel 50 km tunnel
-ﬁ------------------------------------------------—--—-----—--
2020 2030 2040 2050 2060 2070 2080 2090
e wiuun Lomucer
Proposals emerging from Snowmass 2021 for a US based collider
ccce 2040 start physics
| . CCC: 250 GeV 550 GeV 2 TeV
years 8 km tunnel 2 ab? 4 ab? ~ 4 ab?
" d RF upgrade

§ Muon Collider T ——

13 years

2
muC:Stagel Stage2
4km & reuse Tevatron ring 3Tev 10TeV; o
=10ab* Note: Possibility of

OR 4km+6km km ring 10km & 16.5 km tunnels 125 GeV or 1 TeV at Stage 1

BEEnE EEoslEEEE aEEnsnfzEEE EEECfEEE SEEnfEEEE EEEElEEEE EEREEBEEEE e
2020 2030 2040 2050 2060 2070 2080 2090

Power
Consumption

~300

~560

Size ‘ Complexity ‘

27 km I
91 km

Radiation
Mitigation
I
10

International
UON Collider
Collaboration

FCChh
|| MC-10-14

RF Systems

High field magnets

Fast booster magnets/PSs
High power lasers
Integration and control
Positron source

6D p-cooling elements
Inj./extr. kickers
Two-beam acceleration
e* plasma acceleration
Emitt. preservation
FF/IP spot size/stability
High energy ERL
Inj./extr. kickers

High power target
Proton Driver

Beam screen
Collimation system
Power eff.& consumption

"




Energy efficiency of present and future colliders

Thomas Roser et al., Report of the Snowmass 2021 Collider Implementation Task Force, Aug 2022

International
UON Collider
Collaboration

N

Luminosity per
power consumption 1°

o Figure-of-merit Peak
Luminosity (per IP) per
Input Power and
Integrated Luminosity
per TWh.

o Luminosity is per IP and
integrated luminosity
assumes 107 sec/year

e Data points are provided
to the ITF by proponents
of the respective machine

—_
o
I
N

—

S
N
T

—+—FCC ee -+ CCC
——CEPC —<+MC
——-CERC —=-FCC hh
ERLC —+-SPPC
——RelLiC PWFA

Luminosity/Power [1 0% ecm?s™ MW'1]
Integrate Luminosity per Energy [ab'1 TWh'1]

——|LC SWFA

o The bands around the 108 | . —CLC__—+LWFA 10

data points reflect 107! 10° 10 102

approximate power CM Energy [TeV]

consumption uncertainty for the different collider concepts.

The effective energy reach of hadron colliders (LHC, HE-LHC and FCC-hh)
is approximately a factor of seven lower than
that of a lepton collider operating at the same energy per beam 21



https://arxiv.org/abs/2208.06030

U.S. P5 Report — December 2023

International
UON Collider
Collaboration

Exploring )
the <
Quantum -

Nuﬁwe#ée P5 report & Muon Collider & key messages

Realization of a future collider will require resources at a global scale and will be built 4a) Support vigorous R&D

through a world-wide collaborative effort where decisions will be taken collectively
from the outset by the partners. This differs from current and past international
rojects in particle physics, where individual laboratories started projects that were
ater joined by other laboratories. The proposed program aligns with the long-term
ambition of hosting a major international collider facility in the US, leading the
global effort to understand the fundamental nature of the universe.

In particular, a muon collider presents an attractive option both for technological
innovation and for bringing energy frontier colliders back to the US. The footprint of a
10 TeV pCM muon collider is almost exactly the size of the Fermilab campus. A
muon collider would rely on a powerful multi-megawatt proton driver delivering very
intense and short beam pulses to a target, resulting in the production of pions, which
in turn decay into muons. This cloud of muons needs to be captured and cooled
before the bulk of the muons have decayed. Once cooled into a beam, fast
acceleration is required to further suppress decay losses.

Although we do not know if a muon collider is ultimately feasible, the road toward
it leads from current Fermilab strengths and capabilities to a series of proton beam
improvements and neutrino beam facilities, each producing world-class science
while performing critical R&D towards a muon collider. At the end of the path is an
unparalleled global facility on US soil. This is our Muon Shot.

toward a cost-effective
10 TeV pCM collider
based on proton, muon,
or possible wakefield
technologies, including an

evaluation of options for

US siting of such a machine,
with a goal of being ready to
build major test facilities

and demonstrator facilities

within the next 10 years
[see sections 3.2, 5.1, 6.5, and

also Recommendation 6]

22



U.S. P5: Intenational Partnership

Stability of the program requires implementing the framework
for our international partnerships!

International
UON Collider
Collaboration

In the case of the Higgs factory, crucial decisions must be made in consultation with potential
international partners. The FCC-ee feasibility study is expected to be completed by 2025 and will be
followed by a European Strategy Group update and a CERN council decision on the 2028 timescale.
The ILC design is technically ready and awaiting a formulation as a global project. A dedicated panel
should review the plan for a specific Higgs factory once it is deemed feasible and well-defined;
evaluate the schedule, budget and risks of US participation; and give recommendations to the US
funding agencies later this decade (Recommendation 6). When a clear choice for a specific Higgs
factory emerges, US efforts will focus on that project, and R&D related to other Higgs factory
projects would ramp down.

Parallel to the R&D for a Higgs factory, the US R&D effort should develop a 10 TeV pCM collider
(design and technology), such as a muon collider, a proton collider, or possibly an electron-positron
collider based on wakefield technology. The US should participate in the International Muon
Collider Collaboration (IMCC) and take a leading role in defining a reference design. We note
that there are many synergies between muon and proton colliders, especially in the area of
development of high-field magnets. R&D efforts in the next 5-year timescale will define the scope of
test facilities for later in the decade, paving the way for initiating demonstrator facilities within a 10-

year timescale (Recommendation 6). .



International Design Study facility

Proton driver production as baseline

NE | Ldt
3 TeV 1 ab~!
10 TeV | 10 ab~ !
14 TeV | 20 ab~ 1

Target integrated luminosities

are based on physics
Increase as E,,,*

Accelerator

Muon Collider

>10TeV CoM
~10km circumference

lllllllllllllllllllllllllllllllllllllllll

vvvvvvvvv

: il | e 2

i 4 GeV Target, nDecay pCooling  Low Energy PA

: Proton & pBunching Channel  p Acceleration ‘¢0
==

International
UON Collider
Collaboration

=30 km

Muon @
Collider
CLIC
=~ 50 km

Muon Collider Forum Report Sept 2022

. Source Channel

.
---------------------------------------------------------------------
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https://arxiv.org/abs/2209.01318

Tentative Staged Target Parameters

1034 cm2s1

Target integrated luminosities

V'S | Ldt
3 TeV 1 ab~!
10 TeV | 10 ab~1
14 TeV | 20 ab~ !

Need to spell out scenarios

Need to integrate potential
performance limitations for
technical risk, cost, power, ...

L
N
f

Pbeam

<B>

1012
Hz
MW
km
T
MeV m
%
mm
mm
Lm

m

3 TeV
1.8
2.2

10 TeV
20
1.8

10.5
7.5
0.1
1.5
1.5
25
0.9

10 TeV
tbd
1.8
5
14.4
15

7.2
tbd

tbd
25
1.3

10 TeV
13
1.8

5
14.4

rnational
| Collider
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Unigque background conditions

International

UON Collider
T g

_ Description Relevance as background e

Muon decay Decay of stored muons around the collider ring Dominaﬁng source

Synchrotron radiation Synchrotron radiation emission by the beams in magnets near the IP Small

bY stored muons (including IR quads — large transverse beam tails)

Muon beam losses on Halo losses on the machine aperture, can have multiple sources, e.g.:

« Beam instabilities
the aperture « Machine imperfections (e.g. magnet misalignment)

» Elastic (Bhabha) pu scattering
« Beam-gas scattering (Coulomb scattering or Bremsstrahlung emission)
« Beamstrahlung (deflection of muon in field of opposite bunch)

Coherent e e* pair Pair creation by real™ or virtual photons of the field of the counter-rotating Expected to be small
production JLrd (but should nevertheless be
quantified)
Incoherent e et pair Pair creation through the collision of two real* or virtual photons emitted
. by muons of counter-rotating bunches
production

The present and on-going detector studies take into account only the dominant background from muon decays
- beam-induced background (BIB)
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Collider Facility Concept

B -

International
Fully driven by muon lifetime — lifetime ist=y x 2.2 us /Zﬁﬁgﬁgs;‘g?:;
Proton Driver Front End Cooling Acceleration Collider Ring

— OOA

&

S e g 2 (B85 Elg & 2 2 £
= S € 2 |,¢2558|9 28 o 8 8
3 E 2 § [825 @2 glg 2 8 g § ©
S © 1983 2l o 2 3= 2 = Accelerators: H A
< § s =)z £ - Linacs, RLA or FFAG, RCS
Short, intense proton bunch lonisation cooling Acceleration Collision
of muon in matter to collision energy

Protons produce pions
which decay into muons
muons are captured

Proton driven Muon Collider Concept (MAP collaboration)
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Muon Decay and Neutrino Flux

International
o 0 5 UON Collid
Muon decays in collider ring - Ve -\[/\f'}abo?a£i§£
* Impact on detector W — Q)
L a \
* Have to avoid dense neutrino flux o )
+

Aim for negligible impact from arcs
e Similar impact as LHC
At 3 TeV thisis the case for 200 m depth
« At 10 TeV go from acceptable to negligible with
mover system
*  Mockup of mover system planned
* Impact on beam to be checked

Fig. 7.23: Mock-up of the proposed magnet movement system.

Impact of experimental insertions
3 TeV design acceptable with no further work
e But better acquire land in direction of experiment,

also for 10 TeV




Site Studies

Candidate sites CERN, FNAL, potentially others (ESS, JPARC, ...)

Study is mostly site independent

* Main benefit is existing infrastructure

 Want to avoid time consuming detailed studies and keep
collaborative spirit

 Will do more later

Some considerations are important
* Neutrino flux mitigation at CERN

. eiy. . : - Linac &}t
e Accelerator ring fitting on FNAL site S Ve ia /)
INPUT . E"'S's,'c'e;'a}ié'.'fﬂe'ér'ei{c;il""""'";"'t """"""""""""""
MAD X N < <)
Survey : 10.n 10.n ;
Command Y g ,: o q 5 o po
Based T i —— Potential site next to CERN identified
| ;:ef%(:fce?:i::a"sgmm°" Lr:'z'rii:t"“*' Geoprofiler Map ! ° IVIItIgateS neutrino flux
GeodesyTools N . .
T O LR .- * Points toward mediterranean and
! canario - Geolocate . : isplay ° ne/ AP/ . . .
I N PN ° o Q. uninhabited area in Jura
1o 'O vmer “1 o Detailed studies required (280 m deep)

________________________________________________________________________
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Proton Complex and Target

UON Collider

: protons Wemmms) pjons =) MUONS ol sboraion
Proton Driver Front End

m 400 kJ protons to produce 5 x 10*3 captured muon pairs

in target decay /,\lnterngtio'nal
C

!

“ . “ D0 o o)
- S c e = - -
Q € 3 E 229 a
o S 5 caF 3
S > 938 8
< =8 a
=
5 GeV proton beam, 2 MW =400 kJ x 5 Hz
= = .
ESS and Uppsala are woring on merging
20 T solenoid

beam into high-charge pulses Graphite Target
* Indication is that 10 GeV would be Tunsten shielding
preferred To protect magnet

to guide pions and muons
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Target Technologies

Target solenoid design ongoing
Either large bore 20 T HTS or 15 T LTS with 5 T insert

Integration

HTS target solenoid: 20 T, 20 K

Our work is relevant for fusion

Liquid metal target
Serious alternative to
graphite P o

5C Sovangad

Cooling, vacuum, mechanics, ... A

FLUKA studies:

International

UON Collider
2 MW target: stress in target, shielding, vé‘ééib@rﬁ“"”
Need to have closer look at wmdow

Cooling OK

Vessel

633.4 Max

523.97
510.29 Min

Tunsten shielding

WA

Window

Db Wil wisism
A O e

> ITER dejl catly 113T .
‘Nb;Sn 1. 7mdlam\eter ;

Cooling Flow
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Muon Cooling Principle

v .
i B

Cooling high transvers| . - #

emittance

|

LH,-Absorber

reduced transversal but

Beam direction. .- - .

S O CCID téo c ... Solenoid )

© = = =
8 8 6 £ w B 8 ..:.‘<. ‘ _ : .....
awnw § ©» § O ol Y
T ¥ o @2 o =
2 8 - /J ﬂ
£ O

energy loss re-acceleration
[ absorber coll cavities TOP VIEW ]
/| v
-

SIDE VIEW

International
UON Collider
Collaboration

High-gradient normal-
conducting cavities

Robust absorbers

High-field, superconducting
solenoid

Principle has been demonstrated in MICE
Nature vol. 578, p. 53-59 (2020)
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Muon Cooling Performance

MAP design achieved 55 um
based on achieved fields

Can expect better hardware

Integrating physics into RFTRACK, a
CERN simulation code with single-
particle tracking, collective effects, ...

Initial condition: £, = 1mm, 6,, = 2%, B, =40

160 - ]
***
140 Different scattering 0 O 0 fSoWee
in ICOOL -
< 120
()
Z 100
RS
4
Y 80
©
£ 601
I3
o 40 icool data
*
* icool fit
201 . o
0 g FRTS * Theoretical model
0 100 200 300 400

ial
ey um

Longitudinal Emittance (mm)

= —
()
o <

—
o
o N SO0 N HOO N D
1

. @ Specification
= For acceleration to
multi-TeV collider

LI llll

Final
Cooling

_—7

For acceleration
to Higgs Factory

L rrannld

QRS

M o =
=3 (2] m O 5 o ©
o Ugc UU{QD— c
- nQD O (<)) Ll

0 m O wv O
o) e B> 9 o )

o o - O
g = = © O c
E a%é-’@,% =
5 2 o

post-merg
6D Cooling

Lol 1

Bunch

Merge
Lo rrend

s AA5mm,45mm)

pre-merge
6D Cooling (original
design)

x

International
|UON Collider
yllaboration

it Front End

10.0 10?

10°

Transverse Emittance (microns)

Currently improved from 55 um to 33 um,
25 um is the goal

Working on improved, systematic design, also =
using better magnets and RF

10*

MAP collaboration

250

—&— Full bunch
#— Sliced, averaged
—®— Estimated, with =0




Cooling Cell Technologies

‘D) 0.4 9LIH wedge 650 MH ils 90 | /i
: ition vl Most complex example 12 T MUGN Solivdar
. . Collaboration
Are developing example cooling cell

HTS solenoids
Ultimate field for final cooling
Also consider cost

with integration

e tight constraints

e additional technologies
(absorbers, instrumentation,...)

e early preparation of
demonstrator facility

Windows and absorbers

* High-density muon beam

* Pressure rise mitigated by
vacuum density

* First tests in HiRadMat

Liquid hydrogen, Solenoid field: 50 T

RF cavities in magnetic field

Gradients above goal demonstrated by MAP

New test stand is important

* Optimise and develop the RF

» Different options are being explored

* Need funding = Dario

100

(o]
S

[*))
S
Temperature 7' [K]

10 MeV — 5 MeV 20

Lateral size of the absorebr x [mm]
=)
o

Absorber length s [cm]
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Muon Collider test stand (RFMF)Magnet

B S -

International
The test stand is a very god opportunity to : /:}Hgt‘)g;’;';ﬁoeg
* Test the magnetic system by building a prototype with characteristics near to final (at least for same cooling cells)
 R&D on HTS technology to increase the TRL which is critical for the Cooling Cell and for the collider ring

* Test the integration principle of the cooling cells in near-to-final conditions

For these reason in addition to the general design of the MC CC magnets and of the magnets of the collider ring, the LASA
magnet team of the MC, pursue to design two test stand configurations:

v’ Large size split coils (for 704 MHz, i.e. 700 mm free RT bore) needed at the end for a finale integration and functional test
v A smaller size (for 3 GHz system, i.e. 350 mm free RT bore) that would allow to build the facility with moderate cost

HTS conductor will be purchase in the next months (special project INFN ESPP_A_MUCOL)
- 2024 start assembling and testing small/medium size coils to experiment HTS technologies:
Non-Insulated or partial insulated vs insulated conductor
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Acceleration Complex

In same tunnel

cond.

International
RCSH1 UON Collider
Normal - : Collaboration

Acceleration

Core is sequence of pulsed synchrotron (0.4-11 ms)

Long. Distribution assumed at

e Alternative FFA , |injection in RCS1
Superconducting magnets g 5
D1 D2 D3 g
Accelerators: H Lo PP
Linacs, RLA or FFAG, RCS 2f 4| N -2;
10 i O\ i . . . .
AN~ P\ 0.1 0.2 0.3 0.4
HA N7 A e o
£ . i i RF:
i i i 1.3 GHz cavities appear possible
5 i i * in spite of high bunch charge
o] | |

— - o Lattice:
Fast-ramping magnets Hybrid design works

Can spread RF in the arcs
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Fast-ramping Magnet System

UON Collider
ollaboration

Differerent power converter options investigated /\t\'mef"a““a'
C

Efficient energy recovery for resistive dipoles (O(100MJ)) Commutated resonance
Attractive new option
Synchronisation of magnets and RF for power and cost e Better control

Hourglass frame magnet H magnet

. Cboost + $1 D1
Window ame magnet *  Much less capacitors == _K A

[e S e ]

Charger — Lmag Rmag
Cpreload | + S2 D2
j— — i

Capacitor

[e B[ o]

5.65...7.14 kJ/m 5.89 kJ/m

Could consider using HTS Beampipe study

dipoles for largest ring Eddy currents vs impedance

Maybe ceramic chamber with

Simple HTS racetrack dipole stripes

could match the beam
requirements and aperture

\

FNAL 300 T/s HTS magnet for static magnets
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Collider Ring

High performance 10 TeV challenges:
* Very small beta-function (1.5 mm)
 Large energy spread (0.1%)

* Maintain short bunches

10 TeV collider ring in progress:

* around 16 T HTS dipoles or lower Nb;Sn

e final focus based on HTS

* Need to further improve the energy acceptance
by small factor

— Bx F—— Dx
By
(L=702.30 [m]]
20 - -
{E 15 -
~
> 10
Q.
5 -
0 o
0 100 200 300 400 500 600 700

3 TeV:

Collider Ring

UON Collider

International
MAP developed 4.5 km ring with Nb;Sn mllaborauon
* magnet specifications in the HL-LHC range
* 5 mm beta-function

Impedance studies
Single beam instability limits OK with
conservative feedback

Minimum chamber radius [mm]

40 -

35-

30-

25-

20 -

15 -

10 -

Chamber radius to keep emittance
owth below 20 % after 3000 turns

—»— Coppé& 100 um on Tungsten at 300 K
Copper{0 um on Tungsten at 300 K
== Copper 1um on Tungsten at 300 K
—>— Copper at 30 K
—»— Tungsten at 300 K

|
)(—)///X
2 10 20 50 100 500 1000 inf
Damping time=f#=e¥ turns]
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Magnet Demands @ Muon Collider

Present Target Concept

Superconducting magnets

Proton beam and
Mercury jet

Resistive magnets'
Tungsten beads, He gas cooled

10 High-field and large
aperture target
solenoid with heavy

shielding to withstand
heat (100 kW/m) and
radiation loads

High Energy Orbit
—

Warm
Dipole

Warm
Dipole

Combination International
of DCSC Juereaes
magnets (10 T)

and AC

resistive

magnets (+ ZT) P

NEW TARGET MAGNET SPECS

Wi sy miioator. | Be window 1B
_ - Field: 20 T... 2T
Proton Driver Front End Cooling Acceleration Collider Ring Bore: 1200 mm
Length: 18 m
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A § op
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LLDME

©
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G )

6D Cooling

Final Cooling

Accelerators:
Linacs, RLA or FFAG, RCS

Radiation heat: = 4.1 kW
Radiation dose: 80 MGy

Detector Magnet

Ultra-high-field
SOIQnOidS (4060 T) RF Linac

Liquid Hydrogen 50 T Solenoids

Liquid Hydrogen

to achieve desired :

. |
muon beam cooling - l

— -m
]

l ' D\rift |

Focus Solenoids

Field Flip

Open midplane or large dipoles
and quadrupoles in the range of

10...16 T, bore in excess of 150 mm

to allow for shielding against heat
(500 W/m) and radiation loads

l ' [ ﬂo jrl e

to be designed for 10TeV

(D [

I -

P [ = =y

DD @ [ 0 [ —= 11}
o

Y IM||I

',L.

Q89 Bl
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CDR Phase, R&D and Demonstrator Facility
W W /

International
UON Collider
Collaboration

Broad R&D programme can be distributed world-wide
 Models and prototypes
 Magnets, Target, RF systems, Absorbers, ...
* CDR development
* Integrated tests, also with beam

10 kW option

Cooling demonstrator is a key facility
* |ook for an existing proton beam
with significant power

Two stage cryocooler

Thermal shield

Different sites are being considered
* CERN, FNAL, ESS ...
* Two site options at CERN

Muon cooling module test is important Tie rods for repulsion
* INFN is driving the work and compression forces
* Could test it at CERN with proton

beam

SC HTS coils
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Implementation plan options: staging

Important timeline drivers: B e
Magnets Jlsercari
* HTS technology available for solenoids (expected in 15 years)

* NbsSn available for collider ring, maybe lower performance HTS (expected in 15 years)

* High performance HTS available for collider ring (may take more than 15 years)

Muon cooling technology (expected in 15 years, with enough resources)

Detector technologies and design (R&D plan starting, finalized design expected in 15 years)

Size scales with energy but
technology progress will help

Energy staging
» Start at lower energy (e.g. 3 TeV, design takes lower performance into account)

Luminosity staging
e Start at 10 TeV with the highest reachable energy,
but lower luminosity
* Main luminosity loss sources are arcs and interaction region
* Can later upgrade interaction region (as in HL-LHC)

Not reused

Consider reusing LHC tunnel and other infrastructures

Could be much smaller with
improved HTS ramping magnets




