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Input document requirements (&)

UON Collider

v Comprehensive summary (maximum 10 pages) JoNichEaier
a comprehensive and self-contained summary should address:

scientific context

objectives

methodology

readiness and expected challenges

timeline

construction and operational costs (if applicable)

v’ Back-up document
Additional information and details can be submitted in a separate back-up document



National input questions

a) Which is the preferred next major/flagship collider project for CERN

b) What are the most important elements in the response to 3a)? /n:u,née’;rg?’j'j{:n:
i. Physics potential

li. Long-term perspective

ii. Financial and human resources: requirements and effect on other projects

iv. Timing

v. Careers and training

vi. Sustainability

c) Should CERN/Europe proceed with the preferred option set out in 3a) or should alternative options be considered:
i. if Japan proceeds with the ILC in a timely way?
ii. if China proceeds with the CEPC on the announced timescale?
iii. if the US proceeds with a muon collider?
iv. if there are major new (unexpected) results from the HL-LHC or other HEP experiments?

d) Beyond the preferred option in 3a), what other accelerator R&D topics (e.g. highfield magnets, RF technology,
alternative accelerators/colliders) should be pursued in parallel?

e) What is the prioritised list of alternative options if the preferred option set out in 3a) is not feasible (due to cost, timing,
international developments, or for other reasons)?

f) What are the most important elements in the response to 3e)? (The set of considerations in 3b should be used).



Scientific context

Strong interest in high-energy, high-luminosity lepton collider fierted nd

\UON Collider

 combines precision physics and discovery reach Collaboration
* application of hadron collider technology to a lepton collider

Muon collider promises sustainable approach to the energy frontier
* 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
e identified required R&D, documented mainly 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

. ) . Towards a muon collider,
Interim report https://arxiv.org/abs/2407.12450 Eur. Phvs. 1. C 83 (2023) 864

Strong support by P5 Report @ December 2023 ,



https://arxiv.org/abs/2407.12450
https://www.usparticlephysics.org/2023-p5-report/
https://link.springer.com/article/10.1140/epjc/s10052-023-11889-x

Colliders timescale: Snowmass2021

) International
Bl Proton collider W= Construction/Transformation UON C Ill'd

B Electron collider Preparation / R&D O ﬁ 1 0 T V 5 l Collabo roa t'i :r:
Snowmass 2021 #1 Muon collider p ons e caie

2038 start physics
ILC: 250 GeV
2 ab™

Project Cost
500 GeV 1 TeV (no ese. no cont) 4 z 2 » o »

=1 -1
31km tunnel 40 km tunnel
TFCChh-100

CepC: 90/160/240 GeV
100/6/20 ab™*

5 years 20km tunnel

Japan

2035 start physics

100km tunnel SppC: 75-125 TeV, 10-20 ab™

China
ey

Proposal Name Power
Consumption

Size Complexity Radiation
Mitigation

| MC (14 TeV) ~300 27 km I I ek
FCC-hh (100 TeV) ~560 91 km m g =
LHC HL-LHC (14TeV, 3 ab™) @)
(13.6TeV, 450 fb™') 8 2
RF Systems
2048 start physics X
= 100km tunnel, installation FCC-ee: 90/160/250 Gev installation ngh field magnets
e ~150/10/5 ab FCC hh: 100 TeV = 30 ab™ Fast booster magnets/PSs
o z
2048 start physics High po.wer Insecs
CLIC: 380 GeV 1.5 TeV 3Tev Integration and control
holding 11 km tunne! JERFF 2.5 ab? 5 ab Positron source
29 km tunnel 50 km tunnel 6D #_coo“ng elements
S ————————— Inj./extr. kickers
2020 2030 2040 . 2050 2060 2070 2080 2090 Two-beam acceleration
Proposals emerging from Snowmass 2021 for a US based collider e* plasma acceleration
Emitt. preservation
ccc 2040 start physics FF/IP spot size/stabili
| CCC: 250 GeV 550 GeV 2TeV ) po ty -
5 years 8 km tunnel 2 ab? 4 ab? = 4 ab? ngh energy ERL
RF upgrade Inj./extr. kickers
§ Muon Collider 2045 start physics — High power target ]
Sk = reuse hiolo: S nasiity Of g::;n::;i:;r

OR 4km+6km km ring 125 GeV or 1 TeV at Stage 1

10km & 16.5 km tunnels

AEEEE EEEEEEEEE IEEEEEEEE RN IEEEEEEEE EEEEEEEEE DEEEEEEEE Collimation system
2020 2030 2040 2050 2060 2070 2080 2090 Power eff.& consumption




Objectives of the facility @ 10 or higher TeV @

Proton driver production /“\l?éiréiﬂ?(?:r'
o. <0 Baseline @ International Design Study collaboration
p 3
/-0/91‘@ 2y Beam induced
& S /I',, background
(o) "
Yo, Y
g 'I IP
Drives beam quality: 'l
challenging design and components nl
\ silitjector Muon Collider Accelerator
>]10TeV CoM
L= (ECM/loTeV)2 x 10 ab™? ~10km circumference :
@ 3TeV ~ 1ab! 5years :
; : : &
@ 10 TeV ~ 10 ab! 5vyears 0 - = IP2 "
4 GeV Target, w Decay p Cooling  Low Energy : ,
@ 14TeV ~ 20ab™ Syears | : Proton & uBunching Channel pAcceleratio Dense neutrino flux

+ Source Channel

.
-------------------------------------------------------------------

= = .. :
=== mitigation and site

Cost and power consumption drivers, limit energy reach

Muon Collider Forum Report
e.g. 30 km accelerator for 10/14 TeV, 10/14 km collider ring 0
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https://arxiv.org/abs/2209.01318

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.

International
UON Collider
Delahaye, A.Faus-Golfe, S.Gilardoni, P.Lebrun, K.Long, E.Métral, N.Pastrone, L.Quettier, m"ab‘”a““

T.Raubenheimer, C.Rogers, M.Seidel, D.Stratakis, A.Yamamoto

Associated members: A. Grudiev, R. Losito, D. Lucchesi presented to CERN Council in December 2021

published https://arxiv.org/abs/2201.07895

now under implementation by LDG + Council...

Technlca//y l/m/ted timeline Development path
l_l_l l B B to deliver a
LS Pl | 3 Tev muon collider by 2045 Roadmap Plan
| Facilil;(:‘memi Label [ Begin | End Dcscnpl on
esign J Technical ge¢ ’ | | [Fl”!:yl‘[kCHl-l [FTEy] | [kCHF] |
Design 385 MC.SITE | 2021 | 2025 | Siteandlayout | 155 | 300 | 135 | 300 |
Facility Construction | % “g MCNF 2022 | 2026 N:::;:osllleu; miti- | 225 | 250 0 0
Demonstrator design g é 3 MC.MDI 2021 | 2025 l&::;;-m 15 0 15 0
£ ensos oF MID| [ Hencsm | 205 | 28 [y wom| 11|75 |6
g g Demonstrator exploitation and upgrades i §§ D' I / I 'd MC.ACC.MC 2021 | 2025 ‘l’dl:neoolmglyr 47 0 22 0
g2 tems
- H!PI‘: :;SIZ° SIS . mE TR R T R
l Prototypes oo = . I8 e MCACCALT | 2022 Wﬁwm 17 | 0 0 0
Production g __.__..__...__..m
- | == % SCeNArios (Np3sn, HTS?)  jome s mfemee & 5 5
Estimation Constriel Aspiraﬁonal Minimal .. MC.FR 2021 | 2026 | Fast-ramping mag- = 27.5 1020 = 225 520
/ RF caVItIes MC.REHE 2021 | 2026 :lenym
.RE. igh Energy com- 10.6 0 7.6 0
70 M 5 [FTEY] [kCHF] [FTEV] [kCHF] SC e NC MC.REMC | 2022 | 2026 l;:::):l:ooolingRF R0« 0
~ MC.RETS 2024 | 2026 | RF teststand +test 10 | 3300 = 0 0
eu/ years 445.9 11875 193 2445 . MC.MOD 12022 | 2026 lc\:::;:)cscooling test | 177 | 400 | 49 100
. . coo"ng Ce" MC.DEM 172022 | 2026 g(fl?:; 'demon-' 341 | 1250 | 38 | 250 |
Not yet available the resources of the reduced scenario Demonstrator e rmresse T e TR T s
. . .. . MC.INT 2022 | 2026 | Coordination and 13 1250 13 1250
Facing priorities with O(40 FTE) incgri
[ [ [ | Sum [ 4459 [ 11875 | 193 | 2445 |

Efforts to increase resources


https://arxiv.org/abs/2201.07895

Accelerator R&D Roadmap implementation

LDG review - February 24-26, 2025 @ CERN

to review:
 R&D plan
 Demontrator design and proposal

10 TeV Muon Collider Beam Requirements

Parameters Symbol s =10TeV
Particle energy [GeV] E 5000
Luminosity [103* cm=2 s71] % 20
Bunch population [10'?] N, 1.8
Transverse normalized rms

. En 25
emittance [ um]
Longitudinal emittance ) 0314

(4 o op) [eVs]
Rms bunch length [mm] o, 1.5
Relative rms

energy spread [%] Pt 0.1
Beta function at IP [mm] B* 1.5
Beam power with 10 Hz Preun 14.4

repetition rate [MW]

e SPS and LHC tunnels reused
e All construction on CERN

First collider ring site identified @ CERN

/«International

* Energy stages maybe 2.5 and 8 TeV

CERN land

J. Osborne et al.
SC LINAC (00
Ee)

‘
X X > 3
ARCR / Y ‘\
Muon Collider ring 2286 m. .
TBM Tunnel ’ V%
Length 10 km. ‘ A
b A3

Injection Tunnels
from LHC to Muon Collider Ring
Length 1828 m. and 1186 m.

Transferline maximum slope 6%

Y
S
RLA1 buildin

RLA2 building

&___| Muon production, cooling,
mecionTumetp 1NItIA1 @acceleration

from RLA2 to SeS.

UON Collider
ollaboration

Length 1265 m.

Collider ring (10 TeV)

SPS and LHC used for RCSs ‘ 8




Muon Cooling Principle

)

International
UON Collider
Collaboration

e
D2
Cooling high transvers| *+

emittance

LH,-Absorber

reduced transversal but

|

Beam direction. .- - .

o0 § ; .,.“_j_'.'.'
TC_B g Céb 6 %D éﬂ — ic fi \
o re o PN
© 9 3 58 2 3 o & Sy R High-gradient normal-
o %’ © @2 © = g g
£ 2 i /J 44 conducting cavities
' _ : Robust absorbers
energy loss re-acceleration
Ca":i'es TOP VIEW
‘ ““‘ ' “" . High-field, superconducting
| solenoid
SIDE VIEW

= = . = = = = Principle has been demonstrated in MICE
N B8 BE N BN | Nature vol 578, p. 53,59 (2020
== . = = - = B =



CERN as a host site for Demonstrato
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CERN: integration - Demonstrator in TT7

International
UON Collider
Collaboration

Downstream

Space envelope for lightening

Space envelope for

cooling and ventilation Space envelope for crane

Space envelope for transport

Space envelope for klystrons

Shielded horn with target

Ground leve|

Optimization of transfer line components’ position is required or beam
dump’s volume to solve interference

Upstream beam instrumentation

51.8m

Part of new service building Enlargement of TT7 (in red) Imprint of current TT7 (in
(in grey) white)
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Demonstrator Facility: a crucial step forward!

RF  Solenoid Absorber

(FITrER B SRS Planning demonstrator facility with muon production target and cooling stations
&' ana ching bomsiean — Syjtable site exists on CERN land and can use PS proton beam
.H == High-intensity high-energy pion source . . . . .
i i * could combine with other option - synergies on neutrino and other
phase rotation
measurements
Possibility around TT10 Ve \ |

b, M. Benedikt, LHC Performance Workshop,
\ CERN-AB-2007-061

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



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

multi-TeVV Muon Collider: two colliders in one! @

International
UON Collider
Collaboration

1 < l S
g~ — og"
Y,E 1. S M

Energetic final states Large production rates,
(either heavy or very boosted) . SM co.upllng measurer.nents .
Discovery light and weakly interacting

Fabio Maltoni "Physics Overview" Annual Meeting IMCC

Strong and crucial synergies to design the machine and the experiment
to reach the physics goals with energy and luminosity allowing % precision measurements

=>» Physics benchmarks steer machine parameters and experiment design

13


https://indico.cern.ch/event/1175126/contributions/5056279/attachments/2526133/4345414/MC-Physics-maltoni.pdf

Physics potential ()

International
UON Collider
Collaboration

Discovery potential

Precision measurements

15 MuC-30 ,
181 6%
_ 16 |
— 10+ 14 |
E ' CLIC
= = 12+
= = 10|
< gl FCC-hh
=
O
0
4} 2.5% -
T z_ i"it :7\: 5 2 B 1 . 2% .
" The low FCC-hh mass reach on Top Partners - -
could be due to a non-optimal analysis 0

(13 pn10 14 @30
HL-LHC and FCC-hh exclusion mass reach

for several beyond the Standard Model particles Sensitivity to the Higgs trilinear coupling modifier bk

14



Methodology

Long-term perspective

Collaboration

Plans towards the 10 or higher TeV center of mass facility:

 development of a muon cooling demonstrator within the next decade
v’ planned stages: starting with a target and a few cooling cells towards
constructing a full-power cooling system
v Operate and verify feasibility
e decision for the full collider facility:
v’ the accelerator and collider rings can be designed to operate at different
initial center-of-mass energies or luminosities

15



The constraint & the challenge to design and operate an experiment

Machine Detector Interface - beam-induced background

Background is a significant driver for MDI design - background sources:

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

@ /V‘C Machine-detector interface

)

International
UON Collider
Collaboration

International e 4 4
MuCol
Conical absorber inside detector (nozzle) Detector =
Shield the detector from high-energy decay products Handle background by suitable choice of
and halo losses (requires also an optimization of the detector technologies and reconstruction
beam aperture) techniques (time gates, directional
suppression, etc.)
- Many concepts
The machine elements, MDI and from MAP!
: : : ; Interaction region (IR) lattice
Interaction reglon must be properly ST Customized IR lattice to reduce the loss of
des|gned and opum|zed decay products near the IP
@ each collider energy
IR masks/liners and shielding
Shield the detector from particles lost in
final focus region (requires also an
optimization of the beam aperture)
onica : Transverse halo cleaning
SOIeFO'd Clean the transverse beam halo far |
Capture secondaries produced near from the IP to avoid halo losses on the!
the IP (e.g. incoherent e-e+ pairs) aperture near the detector (IR is an

MDI and BIB studies for a 10 TeV muon collider

aperture bottleneck)

D)

Workshop @ CERN 11 — 12 March 2024
Workshop @ CERN 25— 26 June 2024

16


https://indico.cern.ch/event/1353612
https://indico.cern.ch/event/1402725/

Detector concepts for 10 TeV collisions @

under development two different layouts '
MAIA Misiesiie

MUSIC
(Muon Accelerator Instrumented Aperatus)” ' *"°""

(MUon System for Interesting Collisions)

key features being optimized:
tracker radius and layout,
magnetic field intensity,
calorimeter depth,
forward muons

L. Lee +C. Bell

Ongoing work to update to latest collider lattice for ESPPU

* BIB expected to have a harder energy spectrum: final performance comparable (larger stress on computing)

* Over the next several years, migrate reconstruction algorithms to fully exploit LHC know-how.:

* Local pile-up subtraction - BIB subtraction

* Multivariate/Al approaches to flavour tagging (for which we demonstrated only basic inputs)
17



Unique background conditions

International
UON Collider
Collaboration

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

18



Status: radiation environment

BIB sets the requirements for radiation hardness of detector technologies. /u\méergaﬁona.
UON Collider
. . . Collaboration
Expected in line with HL-LHC
Yearly total ionizing dose in MUSIC detector Yearly total ionizing dose in MAIA detector
10° 108
300 10° 300 10°
4 4
250 10, 250 ol
10 = 10 =
— 200 102 > 200 102
B 10t & § 10t O
=150 100 o w190 100 2
100 10-1 & 100 ‘ | ‘ ‘ | ‘ 10-1E
1072 1072
50 oo Ll 1 B 1o
0 10—# 0 104
—300 —200 —100 O 100 —300 —200 —100 O 100 200 300
z [cm] z [cm]
Yearly 1 MeV n. eq. fluence in Si in MUSIC detector Yearly 1 MeV n. eq. fluence in Si in MAIA detector
1016
300 i 300
1010
250 250
104 =
T 200 % = 200
13 = ~
=150 072 =45
E_ —
100 10 & 100 | ‘ |
" I TR A
0 10'0 0
—300 —200 —100 O 100 —300 —200 —100 O 100
z [cm] z [cm]
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Experiment design requirements @ 10 TeV

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 interest in developing:

e 4D vertex and tracker sensors

* new calorimeters 4D or 5D ideas

e sustainable muon detector

* front-end electronics with on-board intelligence
e powerful reconstruction algorithm

e Al simulation and analysis tool

Detector technology R&D and design

Requirement Baseline Aspirational
Vs =3TeV v/s =10TeV
Angular acceptance (7 = — log(tan(6/2))) In| < 2.5 In| < 2.5 In| < 4
Minimum tracking distance [cm] ~ 3 ~ 3 <3
Forward muons (1 > 5) - tag op/p ~ 10%
Track o, /p7 [GeV '] 4x107° 4x107° 1x107°
Photon energy resolution 0.2/VE 0.2/VE 0.1/VE
Neutral hadron energy resolution 0.5/VE 0.4/VE 0.2/VE
Timing resolution (tracker) [ps] ~ 30 — 60 ~ 30— 60 ~10-30
Timing resolution (calorimeters) [ps] 100 100 10

Timing resolution (muon system) [ps] ~ 50 for |n| > 2.5 ~ 50 for |n| > 2.5 < 50 for|n| > 2.5
Flavour tagging bvsc bvsc b vs ¢, s-tagging
Boosted hadronic resonance ID h vs W/Z hvs W/Z WvsZ

* we can do the important physics with technology being implemented for HL-LHC upgrades or follow-ups
* available time will allow to improve further and exploit synergies and new emerging technologies

“Strong planning and appropriate investments in Research and Development (R&D) in relevant technologies
are essential for the full potential, in terms of novel capabilities and discoveries, to be realised” ESPPU 2020

20


https://arxiv.org/abs/2407.12450

Tracking studies (&)

BIB and incoherent pairs affect reconstruction performance via hit multiplicity. /Z‘\{?éiréiﬂf’é‘;'

ollaboration

Tracking performance well under control (using LHC CKF reconstruction)
The main bottleneck in algorithmic execution time

* The O(5%) inefficiencies present in the current reconstruction are caused by the need of keeping the CPU time
within O(minutes) per event.
Track parameter resolutions (pT, d0, z0) are unaffected by BIB.

* Expected to improve with future computing hardware and seeding strategies

MAIA Detector Concept MAIA Detector Concept

> T T - : :
2 {.o5/— Muon Collider - 8 1.25- Muon Collider -
2 " Simulation, no BIB 2 " Simulation, with BIB
= C 1 & " Lattice v04, v's = 10 TeV ]
pa 1.00_—---‘=Q;--g--0—*-0-—0-—4:=’='---—_ p 1.00_—‘ ------------ = a=— = -‘-O-f:t‘ ------------ ]
S - 41 8 - . ——_, -
*g - ] ‘g‘ r >—o— @ ]
2 0.75- —2= 1 2 0751 ==
(%] ~ 1 (%2} - N
& = 4 c -
3 - 1 8 -
2 050 4 & os0fF —2 —— -
- - -9
025~ 4 Before Cleaning . 025~ 4 Before Cleaning .
B 4 After Cleaning ] - -4 After Cleaning ]
0.003 50 100 150 0.00 50 100 150
0[°] 0[°]

(a) No BIB (b) BIB 51



Tracking studies: MUSIC efficiency/performance

T k . . df b h I | /«l&t}ijrgatio;al
llider
racking system optimized for a better coverage up to the nozzle angle.  JUON Collider
Performance evaluated with BIB and incoherent pair production (IPP) events produced with Interaction
Region version EU24 frozen for ESPPU T Basentane
g 14 Muop qulider _
Despite the high occupancy, track reconstruction optimized (not fully) S, ECovie oo
to reach high performance. o MUSIC Detector Concept R e e
£ E Muon Collider B (05,15 ns g s t— T ——1— ] o
P [ Simulation, with BIB+IPP [-36, 50 -
% 10° py EU24 lattice, {s=10TeV L 06—
The resolution on track parameters 5108 g 2 ot
are not impacted by the BIB presence b B B S
R 1 MUSIC Detector Concept g MUSIC Detector Concept
<" E Muon Collider r g [ Muon Collider
o~ [ Simulation, with BIB+IPP ~#- with BIB+IPP 10 = : § 12|~ Simulation, with BIB+IPP
% : EU24 lattice, ¥5=10TeV —&— w/o BIB+IPP E E g ;wEuz‘“amce’ =0TeV T T B
107 = o ' é ' 1|0 15 20 25 é E — 4 el :f_ T %%::
E Tracking Detector Layer E 08—
102 0.4{—
1073_|||||\ T e 00"IIO.S"Il1l‘ll145I"IZII‘IZ.SII“eﬁa;]
0 0.5 1 15 2 25
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Calorimeter studies @

BIB impact on calorimetry more different across 10

2125 yuon colid | | E /WL"&Eﬂ"é‘ -

TeV detector concepts S [ Smuatonwin B8 (w04 Latice) 1 Collaboration
Llc.l 1'0— (VS =10TeV) . N
* Solenoid placement R - :
@ 08 B
* Technological choices - semi-homogeneous (MUSIC) 8 f :
vs sampling (MAIA goer . E
pling ( ) £ r Sub-optimal .
Performance close to minimal targets, limited by o4r clustering =
reconstruction algorithms (most notably clustering 02f- algorithms E
and background subtraction) - g

0'00 2CI)0 4(I)0 6(I)0 860 1000

True MC Photon Energy [GeV]

e T Photon Interactions —

IR e S SBIB Tnferdctions” ==
MAIA Detector Concept

Muon Collider
Simulation 23




Calorimeter studies: MUSIC with CRILIN

MUSIC calorimeter system:

International
MUSIC Detector Concept /1UON Collider
- ECAL: CRILIN, CRystal calorimeter with Longitudinal 2 1.4 Muon Collider e, colisbenasish
. . 8 - Simulation, with BIB+IPP ait‘;%’;;“;’:' 8
INformation designed for MuC T [ EUetlate, -torev
- HCAL: Iron-scintillator sampling calorimeter common to Z 1;*+*+ """"""""""" A =
other detectors e "0
0.6_—
So far reconstructed: photons and electrons, jets in progress. na
0.2?—
00_‘ — 5|0 I I1(|)0I - I1&0I — ‘2(|JO’ - ‘250
E [GeV]

MUSIC Detector Concept

- 14

2 - .

2._\. ” Muon Collider MUSIC Detector Concept
Y |5 [ Simulation, with BIB+IPP __ o Photons E = 0-250 GeV 1.4~ Muon Collider — y

w ~ EU24 lattice, /s=10TeV barrel, with BIB+IPP T Simulation, with BIB+IPP plc;]toBr:; IP=Po—250 Ge

< 1 o [ EU24 lattice, {5=10TeV with BIB-+

o 10 photons E = 0-250 GeV ’

endcap, with BIB+IPP

Reconstruction Efficiency

0.8

o

Illllllllllllll[lll[lll
i —4—

6 0.6
4 — 0.4
- — 2 . 02
2— > ——
[~ ’_,_:—’—1 0 |\‘| |“||\‘||V|||V|||V|||[|||||||||||||||
C Th—e———— | = 10 20 30 40 50 60 70 80 90
0 T N T N T N T N AT TN N T Y Y N SR N SR R N 0[]
0 50 100 150 200 250

E [GeV]
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Calorimeter studies: MUSIC with CRILIN

The electron are reconstructed for the first MUSIC Detector Concept /\,\mmationa.
C

. . . . § 4=M Collid UON Colliqer
time in muon collisions at 10 TeV CoM 2 "*F ot min P sl £ —0.1000 G ollaboration
EE 12 :_ EU24 lattice, {s=10TeV
Tracks reconstructed with ACTS are matched -
to a ECAL cluster by using PandoraPFA. The sl T e T
results show that even if not optimized (there 06
is no Bremsstrahlung recovery yet) the MUSIC .
detector performs very well also for electrons oalf
MUSIC Detector Concept O(T) | | K5|0| - |1(|)0| - I1éol H |2(|)0| - Izéo
— 10 p, [GeV]
- 95 Muon Collider | 01000 Gov
w E_ Simulation, with BIB+IPP — ?vi‘taﬁter?gilP; i & MUSIC Detector Concept
l;, 8 ;_ EU24 lattice, s=10TeV .g 54 :_ Muon Collider .
° 7f 5 |, [ ez anco, 0ToV T wih BB PP
A T
5 = Z’ C g g ; -
8 08 g g
4 e e
3 0.6 — ++
2 0-4;
—— B
e 02
| 1 1 1 I 1 1 1 | 1 1 1 :
400 600 800 1000 0 1|o 2|o 3|0 4|0 5|o elo 7|0 elo glo
E [GeV] o[
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Forward muons @

International
Muon systems are almost free from BIB contributions mHggggﬂg;ﬂg

* Performance at 10 TeV not yet studied in detail, as it is not expected to be a challenging task

Both concepts don’t foresee a dedicated muon spectrometer but rather rely on inner detector
tracks with a PID match from a barebones muon system placed beyond the HCAL

* Choice motivated by track resolution being dominated by inner tracker measurement across
pT spectrum

Forward (~10 deg) and very forward (5 deg) regions require dedicated studies and development
of detector concepts for which only initial studies have been performed.

TIR

Y

26



Readiness and expected challenges @

International

Time-critical Developments e om e . e

B8

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 . . . RF S/olenoid Abs/orber
*  Muon beam production and cooling in T @{ﬁ:v:mj:mim: i
several cells

(D

Magnet teCh nOIOgy an;illvtl-::tl(l:lhiilr:;uumeniuiiun P —

. Instrumentation
o HTS solenoids .| &\ == High-intensity high-energy pion source
* Collider ring magnets with Nb3Sn or HTS T

Important Developments

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

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



Magnet Demands @ Muon Collider

Combination of

10 High-field and large DC SC magnets
 NEW TARGET MAGNET SPECs  2Perture target (10T) and AC

Field: 20 T... 2T solenoid with heavy resistive
Bore: 120(;.mm shielding to withstand 7 magnets (+ 2T)
Length: 18 m hea.t (.100 kW/m) and ——
Radiation heat: = 4.1 kW radiation loads yorl coa 4= | “Wam ¥ cod
Radiation dose: 80 MGy 1)

Proton Driver Front End Cooling Acceleration Collider Ring

—OCA

\

— Gl —
D - = %D 6
- . — U o O|= = 00
@ g 2 2 |55E5E|g ¢t £ 2 =
(®) £ S = a=29 @ o »n 8 G w 9 O
2 E & g [82x®gl83% S EF S S
S 28§ 2| 20 8 a= 3 2 Accelerators:
< § o =l 8 = | Linacs, RLA or FFAG, RCS
l I [ o ﬂ-o Tl [T
Ultra-high-field |4 vyurogen SOTSOIewdS Liquid Hydrogen Open midplane or large dipoles g Em
solenoids (40...60 T) - and quadrupoles in the range of I [T
Inac . . - =
to achieve desired : 10...16 T, bore in excess of 150 mm ¢ E 0 TR
muon beam cooling B—= <8 ] to allow for shielding against heat 16-T

\

Drift

Focus Solenoids

Field Flip

(500 W/m) and radiation loads

*._

%9 Bl

International
UON Collider
Collaboration

Detector Magnet
to be designed for 10TeV

‘- vl |

mlll'f
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Tentative Timeline (Fast-track 10 TeV)

Only a basis to start the discussion, will be reviewed by March 2025

2025

2030

2035

2040

2045

2050

205

5 2060

2065

| | B || B | B || B
Demonstrator Need at|least two year$ of demonstrafor
operatidn (better morgq)
Decision+greparation
cdh1 Test site constrfetion Need RH test stand befpre
‘ Test ]ell components/protptypes
o Test qell site operation Decision starting in 2036
‘ Demondtrator construction
///) | | | Demonstrator instdllation/operation
/// Collider
/
Earlierstart, slow ranip Decision eesaration Ektimated10 Te\]/
Later sfart, fast ramp Civil engineering | cpnstruction/ingtallation

Could i

It be a hybrid a

bproach?

]

Different i
seem {

nstallation/commiss

nitial estimatesg

o be fast enough

ioning

Ini

for detector

tial operation
bhutdown 1
Run 2

Buit need

to develop rob

Ust timeline

Shutdown 2 \

Run 3

Timing . .




Construction and operational costs (if applicable) @

Financial and human resources:
requirements and effect on other projects

In preparation for LDG and ESPPU
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Careers and training

International
(UON Collider
Collaboration

Muon Collider facility requires extensive studies and R&D across multiple key areas:
e target for muon production

e cooling of muon beams

* advanced magnets and radio-frequency systems for the accelerator and collider ring

* shielding structures for the detector.

A completely new and challenging field of research
renewing the interest of students and young researchers
in accelerator physics and experimental physics at particle accelerators

Opportunity to develop cutting-edge instruments while gaining hands-on training

Unique chance to contribute to the design, testing, and integration of a novel accelerator
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Sustainability

International
(UON Collider
Collaboration

* a multi-TeV muon collider has the smallest footprint compared to other alternatives

* the luminosity-to-electricity consumption ratio improves as the center-of-mass energy
increases, making the muon collider significantly more energy-efficient than alternatives.
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Energy efficiency of present and future colliders @

Thomas Roser et al., Report of the Snowmass 2021 Collider Implementation Task Force, Aug 2022 /\,\mtemanonm
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 33



https://arxiv.org/abs/2208.06030

US P5 — International partnership @

UON Collider
ollaboration

[ Stability of the program requires implementing the framework ] /\,\{ntema}.ona.
C

for our international partnerships!

Parallel to the R&D for a Higgs factory,
the US R&D effort should develop a 10 TeV pCM collider (design and 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).

INAUGURAL US MUON COLLIDER COMMUNITY MEETING
‘ FNAL — August 9, 2024

An accelerator known as a [
could revolutionize"’p%tl physi
can be buil



https://www.science.org/content/article/muon-collider-could-revolutionize-particle-physics-if-it-can-be-built
https://indico.fnal.gov/event/64493/

Summary of activities towards R&D plans (&)

Each WP is working to identify challenges and R&D plans towards a baseline design: m:“.éet‘,fajf‘fl
* Physics and MDI
* Proton complex
* Target design

* Muon Cooling

Interaction point

Nozzle:
+ Outer boron layer to stop
neutrons

° B et il
Accelerator Complex withcryosat TWO stage
. . . cryocooler
* Collider Ring Coil 'S
support Thermal
 RF Technology structure shield
 Magnet Technology Tie rods fo
. . . repulsion and
* Cooling cell integration compression
. forces ; Vacuum
* Demonstrator HTS colls vessel
—— = max(|B]) at 50, ‘b) 0.4 LIH wedge 650 MHZ 5/0“5 50
—. o fwe. xS S S, RF  Sglenoid Absorber of L= L) B8
E —..Apcnur.at5¢+2[cm] . {‘ 4) E N
pisis e L=146.34 [m] ‘t\?\ + v I
% N 15 \ 4 :
i :Z: ~. \\ /// \ Strean insirunentation
:’_‘ 100 “ 2 | § |~ A\—» High-intensity high-energy pion source
§. 0 - - - et Collimation and
é o 20 40 60 80 100 120 140 phase rotation




Towards a multi-TeV Muon Collider

FINAL GOAL:
to exploit the physics potential of such a unique facility
aiming at the highest energy and highest luminosity

Advances in accelerator and detector pair with the opportunities of the physics case
=» Time scale is conceived for a multi-TeV collider facility to be ready by 2050

 To get people engaged, in particular the Early career scientists, it is important also to get intermediate
experimental setups/goals and synergies where the new technologies in their infant status may be tested

=» Muon Collider Demonstrator with physics cases

* Synergies for enabling technologies opens new opportunities now and in the next 5-10 years
* The level of complexity requires to plan ahead evaluating the needs but with an open mind for ingenuity
 Detector and accelerator fields are a great playground to deeply understand Nature and benefit Society

* Donatella Lucchesi and Federico Meloni (DESY) are the IMCC contact for the Preparatory Group
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Please partecipate to:
Workshop on FCC-ee and Lepton Colliders @ LNF - January 22-24, 2025

Muon4Future @ Venezia - May 26-30, 2025 Mo e

Thanks to all the young and senior collabotators

Thanks for the attention!
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https://agenda.infn.it/event/43779/
https://agenda.infn.it/event/42349/

Unique physics case — more studies planned

Direct searches High-rate High-energy | Muon physics /‘1[?5&’22?.?5‘:!
measurements probes Collaboration

Pair production, Single Higgs, Di-boson, di-fermion, Lepton Flavor
Resonances, VBF, self coupling, rare and tri-boson, EFT, Universality, b — spy,
Dark Matter, ... exotic Higgs decays, compositeness, ... muon g-2, ...
top quarks, ...

Discovery potential
10TeV putp~, Ly = 10ab’ !
1()72_

— Xoss 108 | |
W | |
107\ = 10 |
=% 4 £ |~ Focn Precision measurements
5 10* s _— 0
et T,_, . = : ~ t . A . . .
o " 5 — = High energy lets us finally improve on Higgs Potential
— 1L | D ! 18
Z ' , V/HL—LHC
o ) . ] , 16
tr 10 ol g .-.~_ J | i
T ot & T3 CLIC
M [TeV] = 12
= 10|
£ 3 FCC-hh
\,7 e o () \; =
3.7% e
4 2.5% o
9 To—— 1.20(‘
- e 10 TeV uCol
HL-LHC 0 o -

p10 pld p30
Note that we can get to threshold for EW phase
transition at EW scale with FCC-hh and ;Col



Status of IR lattice design @ 10 TeV

Challenges: small B*, large [ functions in FF, strong chromatic effects

)

tional

10 TeV IR lattice (I e

50
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150

— Bx
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Proton-driven Muon Collider Concept

Fully driven by muon lifetime - lifetime ist=y x 2.2 ps

Acceleration Collider Ring

Proton Driver Front End Cooling

—OCA

|

Buncher
Phase Rotator

Buncher
Initial 6D Cooling

SC Linac
Combiner

Accelerators:
Linacs, RLA or FFAG, RCS

Accumulator
Capture Sol.
Decay Channel
6D Cooling
6D Cooling
Final Cooling

MW-Class Target
Charge Separato

Short, intense proton
bunches to produce

hadronic showers
Pions decay into muons

that can be captured

Muon are captured, Acceleration to
bunched and then cooled\ collision energy

Collision

MICE ionization cooling experiment

Acce/
\)o(\ e’@/

S

http://map.fnal.gov/

U.S. Muon Accelerator Program (MAP)

Prograt®

 Recommendation from 2008 Particle Physics Project Prioritization Panel (P5)
* Approved by DOE-HEP in 2011 =» Ramp down recommended by P5 in 2014

O

International
UON Collider
Collaboration

AIM: to assess feasibility of technologies to develop muon accelerators for the Intensity and Energy Frontiers
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http://map.fnal.gov/

IMCC Organization after the Roadmap @

e Study Leader Daniel Schulte

. o o . | i |
* Deputies: Andrea Wulzer, Donatella Lucchesi, Chris Rogers + Collaboration Board (ICB) /“\L?éﬁlrgiﬁ'l?§§r
. . Collaboration
* Elected chair : Nadia Pastrone
CERN is host organisation, can be transferred to other partner on request of CERN and with approval of ICB y Steering Board (SB)
Will review governance in 2024, US could join at that time ° Chair Steinar Stapnes,
 CERN members: Mike Lamont, Gianluigi Arduini,
Dave Newbold (STFC), Pierre Vedrine (CEA)

International Collaboration Board : International Advisory Beate Heinemann (DESY)
represents the partners P ICB chair and SL and deputies
* International Advisory Committee (IAC)
Coordination Committee ® Chair Ursu‘a BaSSIQr (|N2P3)

€ executes the study

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

and links to regional supervision
(not in MoC)

Coordination Committee

sk sl o o o ==

MoC signed by CERN CEA INFN STFC-RAL ESS IHEP
and different universities in EU, US, China 1 '|- - -
IO e LR R
Donatella Dario l ' -
19 countries: CERN, IT, US, UK, FR, DE, CH, ES...... Lucchesi Giove | ycjo

Rossi

CHINA, KOREA, INDIA..... Interest from Japan - conen.
80 institutes 41



Project Organization

International Muon Collider Collaboration /t MuCol EU Design Study A«{?gmiﬁ;?;:!

ollaboration
CERN ‘
@ Council @ MuCol n
CERN Council Commpeiosion

I«lnternational I
[UON Collider :
Collaboration @ MuGolGonsortur Study Leader

‘ Management 1 Governing Board Advisory Committee

Internatianal R
me Collider Committee
Collaboration

|

[ T I
Project Office I
Advisory WH1 - Coordination ||| WP3 - Proton Complex

WPS —High-Energy
Complex

Collaboration Steering nati
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

™ INFN is deeply involved and play the role

Physics Protons Magnets Ceimunsuatui cealaTEtoNE . ey ey
Cj i of main responsibility or at least deputy
Detector Moo I o ] Cooling Cell us responsibility on the outlines WP:

and MDI Design Detectors

——  WP6 RadioFrequency Systems

Beam-matter Asia
el s Accelerators * WP7 Magnets Systems
Colider Collectve  Asa * WZP8 Cooling cell Integration
ite ects etectors .
 WP2 Physics&Detector — MDI

P it
and coolling

IMCC included as: “Experiments and Projects under Study”
https://greybook.cern.ch/experiment/detail ?2id=IMCC
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https://greybook.cern.ch/experiment/detail?id=IMCC

Preliminary study in detector magnet

Detector magnet workshop — 5 October 2023

Upon request from Detector group, some preliminary
calculations on a possible solution for a detector solenoid has
been performed, based on CMS cable

Main features:
e Tracker region: -2200<z<2200,0<r< 1500
e BatlIP:3.66T
e B=3.60£0.08T
* Field uniformity: £2.3%
* (Almost no optimisation)
* MaxBr=0.12T
e Stored energy: 2.25 GJ
* Current density: 12.3 MA/m?2
e Total coil thickness: 288 mm
e Current: 19.5 kA
* Cable size: 72 x 22 mm?
* Inductance: 11.85 H

Andrea Bersani et al.

B [tesla]

Max: 4.000

40
. 356
3.2
258

24
E 20
1.6
12

08
04
0.0

Min: 0.000

)

International
UON CoIIi_der

Realistic magnetic field map will be used in BIB
generation and detector studies as soon as a

decision is taken.

Main show stopper: no one produces aluminium stabilised cables
Main advantage: similar to something existing & working
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https://indico.cern.ch/event/1324236/

Site Studies

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

S International
gen\ UON Collider

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

*  Accelerator ring fitting on FNAL site RN N o
3 )nlll.t

INPUT Parse E" sSceﬁario - Theore1t-icalI - A E :

o L ISR R . .
Command P b ‘,: q . . ope

Based ] e Potential site next to CERN identified

CGeolocate “ Intersect .. .
ﬂ |nnlalPosms::::20fhnlauon D'Q""Mm"w" , GeoprOﬁler [M—]ap 4 * M Itlgates neUtrI no quX

O , * Points toward mediterranean and

- Sce.nario-Geolocated . ' ® “; ,’\.-f“’\v// . . .
' |Scenario <0 Tunnel <O Point r;— ° \/’_4" Q;eyrin unlnha blted area In Jura
Fion 1A ’ wmer “|1 o Detailed studies required (280 m deep)

_______________________________________________________________________
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Implementation plan options: staging @

Important timeline drivers: P
Magnets St
* 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

Energy Staging technology progress will help,
» 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)

Consider reusing LHC tunnel and other infrastructures

Not reused

Could be much smaller with
improved HTS ramping magnets



Fubture Neubkrino Oscillation Expevimem&s @

— No Systematics (77%) International
~ T T T T T T T T T T 7% v+ v (31%) L B B S S B b 9 DUNE Senativity pe—— UON Collider
E = : g B ] ¢ 5% 1% SR,

I e 1x Al 2013 sy =] 8inf,, = 0.45
S ) E ’ 5% + 2%
10— —: 6 £
8E- — |5 sf- — ™ 5%+ 3%
E - Ta 3
J - 3 1 — equivaler
s = Y 3 tofactor 21in
3 B 1 exposure!
0% 1 DUNE -
50% CP Violation Sensitivity Input 3, %—500""400" 600" 600 1000 1200 1300
Exposure (kt-MW-years)
T2K flux
§1 4 | i f ,r) :,l‘;-]]’:.“":;« L':.L”.-'_'.l‘
* La sensibilita’ dei futuri esperimenti di oscillazione di E1:2 (1]
neutrino dipende fortemente dalla capacita’ di ridurre 8 1 Ll
I"impatto degli errori sistematici nell’ordine del %. 0.8 AN { i TOTAL
* Le incertezze nelle misure delle sezioni d’urto a bassa 50.6 [
energia (0.3-5 GeV/c) e _nei modelli montecarlo incidono %,
nell’estrapolazione dei flussi dai Near Detector (ND) ai Far 2,
Detector (FD), limitandone la precisione dei risultati i
% 90

10"




Cosa bisogna misurare?

Interaction Interaction
Modes Topologies
CCQE  v| | CCom

/@\.SCQE-I“@)

\\‘\/5/ CClinm

 —— wi  (CCRES-like)

s -

CCOm+Np

2p2h o A > (N>0)
?\ /Z/@p«<

T Elastic
Scattering

Pion Production
T. Golan,What is inside MC generators and why it is wrong. NuSTEC 2015

Uncertainties in ND—FD extrapolation :

« different E,_ distribution ﬁ\
(because of oscillation)

v/ different target ﬁ\/>

9 « different acceptance ﬁ\\

9 « different neutrino flavor
(because of oscillation) \

v (v) flux has typically a
wrong sign component

need to reconstruct the neutrino energy from the
final state particles

A-scaling: measure cross-sections on different
targets (and/or on the same target of FD)

measurement of cross-section in the larger possible
phase-space: increase angular acceptance of ND

measure cross-section asymmetries between different
neutrino species (eg v vs v important for for 9.,




Why a HP-TPC with optical readout as heutrine
d@.g@c&or ot low energy (below 1GeV) =

e Target = detector
3D reconstruction capabilities. =
* Possibility to exchange targets changing gas
* low density & low thresholds

* excellent PID capabilities.
° Almost uniform 41 acceptance. A neutrino interaction in the T2K near detector

* low number of interactions - requires high pressure and large 0000 [ 1omGAr Lo e
’ - i1 LA — GENIE
volume. : e

NEUT
* requires in addition a magnet to measure momentum and to 250001 — NUWRO
distinguish between neutrinos and anti-neutrinos
* Very large volumes require low cost per readout channel (pixel)

' |

20000

100005~ -
The flow of neutrinos at low ;
5000 -
energy produced by a -
1 » 1 L 1 1 1 i 1 1 1 L 1 1 1 1 1 A
demonstrator at CERN can fit very it R I T ey
well the requirements for a True proton KE (MeV)

., ;
neutrino’s X-sec experiments Differences within models are at low KE and are

below the threshold of a liquid argon device




