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Compactness
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A Muon Collider is a precision probe of fundamental interactions, in

a smaller footprint as compared to electron or proton colliders
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Efficiency
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Lepton colliders (> 1 TeV). ITF Snowmass 2022
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: Snowmass’21 ITF report

Electric power:
~450-1000 MW

Cost: ~18-80 B$

Muon Colliders

Electric power:
~320 MW

Cost: 12-18 B$

In a Muon Collider, luminosity improves substantially with energy
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https://arxiv.org/abs/2209.03472

History
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1960s: First mention of Muon Colliders in the literature
1990s: Design studies through US institutional collaborations
2011: Muon Accelerator Program was approved by DOE

« Focused on a proton-driver solution; 1.5, 3 and 6 TeV colliders; ended in 2016

2021: Muon Colliders become part of the EU Accel. R&D Roadmap

* International Muon Collider Collaboration (IMCC) formed, CERN host for now

2022: US Snowmass study reveal strong interest on Muon Colliders

* Presented the Muon Collider Forum Report: a vision from the US side

2023: Formation of the US Muon Collider R&D coordination group
* Provided to the P5 panel a plan for Muon Collider R&D from the US side

2023: P5 report released; strong support on Muon Collider activities

2% Fermilab
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US effort (pre-Snowmass): MuC Forum

« The forum established a strong collaboration between the AF+EF+TF
frontiers for Muon Collider (MuC) research

« Goal was to make a strong physics case for MuC and inform the community

« Monthly meetings and dedicated workshops for 18+ months before Snowmass
* Lined-up a plan for Muon Collider R&D in the US

 Identified synergies with other programs

» Published all findings as a “MuC Forum report” and presented it in the
Snowmass meeting: ~180 authors, 50+% are early career scientists

 Forum conclusions:

« 10 TeV is the most attractive option

 No fundamental ShOWStOpperS identified Cross-Frontier Report Submitted to the US Community
Study
e BUT engineering Cna”enges eXiSt on the Future of Particle Physics (Snowmass 2021)

e The R&D should start now!

Muon Collider Forum Report

2% Fermilab
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https://arxiv.org/abs/2209.01318
https://arxiv.org/abs/2209.01318

US effort (post-Snowmass) : MuC coordination group
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R&D coordination group was formed to provide input to P5

Focus on 10 TeV accelerator & detector design

Develop R&D plan, cost, deliverables and timeline

A 10-page R&D summary document submitted to P5 (link)
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https://drive.google.com/file/d/1_ztkY5wcdhclpyZs6haR2fDlp8Nfk9lX/view

International effort

ﬁlnternational
UON Collider
M u C O | Collaboration

AS OF TODAY: (1) Initial
IMCC formation in baseline defined, (2)

Interim design report is in

2022: CERN IS host for preparation Technical limited timeline
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Target parameters (from IMCC)

Start?  GOAL
T s | ot |ty
Target integrated luminosities L 10 cm2s°] 1.8 20 40
V'S | Ldt N 102 2.2 1.8 1.8
3 TeV 1 ab~! f Hz 5 5 5
10 TeV | 10 ab™! P MW 5.3 14.4 20
—1
14 TeV | 20 ab C km 4.5 10 14
Note: currently focus on 10 TeV, also <B> T 7 10.5 10.5
explore 3 TeV
« Tentative parameters based on & MeV m 7.5 7.5 7.5
MAP study, might add margins o. / E o 0.1 0.1 0.1
« Achieve goal in 5 years : : ' ' '
*  FCC-hh to operate for 25 years o, mm 5 > 1.07
* Aim to have two detectors
B mm 5 L= 1.07
Feas..ibliil:y addressed, will evaluate £ um 25 25 25
luminosity performance, cost and
power consumption O, Hm 3.0 0.9 0.63
Goal is a 10 TeV collider, potential initial stage at 3 TeV
2% Fermilab
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Machine overview
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Proton Driver

—OOA

Front End

Cooling

Acceleration

Collider Ring

MW-scale proton
driver

Capture 200
MeV
bunches
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Acceleration
to TeV scale
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Luminosity for a MuC

N.N_n
L cf

Luminosity is a measure of the collider efficiency

4ro,0,

High charge per muon bunch of each sign

» Requires a powerful proton driver, high-yield target & fast acceleration
Small transverse beam size

* Requires low transverse emittance beams & strong focusing magnets in the IR

Many collisions in the collider ring

* Requires strong dipole magnets to minimize the collider ring radius

A MuC is an interplay between MAGNET, RF CAVITY and TARGET
technologies which have to be pushed to their limits for peak efficiency

Talks at this workshop: MAGNETS (K. Amm), RF CAVITY (T. Luo & S.
Belomestnykh), TARGET (K. Yonehara)

2% Fermilab
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MuC proton driver: What is needed?

Proton Driver

SC Linac
Buncher
Combiner

~ Accumulator

Linac or Linac+RCS Boost Compress  Deliver MW scale
to accelerate protons intensity to ns bunches at 5-10
to 5-20 GeV to ~104 scale Hz

2% Fermilab
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MuC target: What is needed?

Protons

—_—

Strong solenoids (<15 T)  Shielding for Targets than can produce
with a large aperture (~2  magnet many muons and are
m) around the target protection tolerant to MW beams
$& Fermilab
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MuC p driver + target: Moving forward

* Inthe long term, Fermilab’s ACE program could become the
basis for developing a proton driver and a target station for a MuC

 Seetalk by S. Valishev

« In the short term, several concepts can be studied by doing scaled
experiments at existing facilities

(Lawrence Berkeley) (Brookhaven)

« See proton driver talk by A. Hoover e —

-

» See target talk by K. Yonehara

Instrument Systems |
(Argonne and Oak Ridge)

y b
r e Booster Main Injactor
o A NG beam
A i New LBNF boam to DUNE
= > in South Dakota

; o
ex |

Accel. Compl
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MuC cooling: What is needed?  §. - i ===
E 30 E ] ? E
% 20 b . i 18 %
3 . o 1[50 MHz] | g
g 10 = : 14 &
5 | = . | =
S B 21 L S
0 2 4 6 8 10 12
Stage No.
Large bore solenoids:  Absorbers that can RF cavities (300-800
2 T (500 mm IR) — tolerate large muon MHz) that can operate
20+ T (50 mm IR) intensities in multi-T fields
(1000+ units) (1000+ units)
4& Fermilab
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Longitudinal emittance (mm rad)

MuC cooling: Path forward (design)

« Deliver a end-to-end design that meets MuC luminosity criteria

e Take into account engineering aspects

« Improve performance with Al/ML methods and latest technology
* FNAL-UChicago (K. Di Petrillo & YK Kim) collaboration has started

_
ol

MuC cooling requirement
T T l"'l'] T ¥ IIIII'I T TVrrTTT

1

Early cell (“easy”) — 2T peak

1.0 4 LH wedge coils

[+ e [

cavities

Late cell ( “hard”) — 14 T peak

15
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MuC cooling: Path forward (demonstrator)

« Benchmark a realistic cooling lattice to give us the input, knowledge,
and experience to design a real, buildable cooling channel for a MuC

* In the next years we need: (1) conceptual design of a demonstrator
facility that allows testing cooling technology (2) Site exploration &
cost estimate of a demo facility

« More details see J.S. Berg talk

RF S?Ienoid Abs/orber
mmmmm = = = — [—— [—) ;G
([0 (0 (0 (i ] AL LA m o 0

o= o=
===== = \

Sl R A D : |
Upstream Instrumentation S,
At Hatching ‘& i
-q.\:— ==) High-intensity high-energy pion source //6‘

Demonstrator plan

Target Collimation and
Demonstrate operation of NC rf in B-field environment

Demonstrate forces between coils are manageable

Demonstrate performance of absorbers

Demonstrate performance of instrumentation system

Demonstrate 6D cooling with a realistic set-up

2% Fermilab
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MuC acceleration: What is needed

13t arc e

\// section .
. \ Exit
section s arc ) :
“ RF Section Sec“_on : arc section
& .
- l_‘.
SRF section

High Energy Orbit

Low Energy Orbit
t
High-gradient 8-10 T dipole Fast-ramping (~ms) magnets
SRF (325-1300 magnets (150 mm (¥1.8 T) with reliable power
MHz) bore) management sources

$& Fermilab
17 02/22/24  Princeton Muon Collider Workshop



MuC acceleration: Path forward

5 cell elliptical
cavities @ 650
MHz for PIP-II

Cryomodule @
1300 MHz for
LCLS-II

* Develop accelerator lattice designs towards a 10 TeV collider

« Design is site specific! Considering a US MuC, needs dedicated US resources.
« Design and test MuC style SRF cavities (325, 650, 1300 MHz)

« Fermilab, JLAB, MSU and other US institutions have significant experience

« Synergy opportunities with other programs (ILC, FCC-ee)

« Proof-of-principle tests for power management of cycling magnets

2% Fermilab
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MuC collider ring — What is needed

IR Quads with Strong field dipoles (12-16  Mitigation system for
strong fields (15- T for 10 TeV) and large the neutrino flux from
20 T for 10 TeV) aperture (~150 mm) muon decays

Collider Ring v
IR region bend region
V‘i‘-é";’) l IR | ccs | Matching Section l’ Arccell |
- l“IlIH-ﬂhnlhnlLu-Iun-hlu-]nlli“-lInI“l-.uI“ hululllﬂll-quul“—F.lll
i’;‘ Beam size y
" T N~ _—Z7 N\, Beam size x
" i = K | ;
v Dispersion
2% Fermilab
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MuC collider ring — Path forward

« Complete lattice design in place for a 3 T
TeV collider = i
— Magnet specs are within HL-LHC range

« Parameters for a 10 TeV colliders are

POANUANONDO L2 23
SEdE2REgBR oy
R382G8%88308%82 L]

more demanding. Preliminary designs are &
In place [ref]
— Higher dipoles fields (12-16 T) o _
10 TeV radiation studies
- IR quadS in the 15'20 T range Energy density per bunch crossing (mJ/cmS) 0

— Have to push the magnet technology
beyond existing limits

« Radiation studies suggest that shielding
protection for both 3 TeV and 10 TeV are

W for 30 H

the same radiation 30 20 -10 0 10 20 30
protection £(cm)
2 Fermiiab
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https://accelconf.web.cern.ch/ipac2022/papers/mopotk031.pdf

Muon Collider at Fermilab

10 TeV MuC concept is in place

Proton source
» Post-ACE driver -> Target

lonization cooling channel

Acceleration (4 stages)
 Linac + RLA — 173 GeV
« RCS #1 — 450 GeV (Tevatron size)
« RCS#2 — 1.7 TeV (col. ring size) § AP
-\ Linac & f<"| Summerl}aﬁlﬁle,s_-
« RCS#3,4 — 5 TeV (site fillers) b | A\ RLA : RCS 2 ParkeSis |

.'. ',_.v iy

Collider ring, 10.5 km long i _
- Could be combined with RCS #2 Jledes =) = N

. />:
Al i

In the next years we like to have a baseline design including a neutrino

flux mitigation system

2% Fermilab
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Proposed MuC accelarator R&D (next 5-7 years)

Design and
Simulation work

Prototyping & tests

Demonstrator

22 02/22/24  Princeton Muon Collider Workshop

Some examples

MuC proton driver design

Accelerator & collider designs for a FNAL MuC
Neutrino flux mitigation for a FNAL MuC
lonization cooling design work

Some examples

Bunch compression & proton stripping

Target material & performance studies

Fast ramping magnet prototypes
Low-frequency SRF cavity prototyping & testing

Some examples

Explore facility options for a full demo
Design & prototype (if possible) 1.5 cooling cell
Deliver a TDR for a demo facility with costs

& Fermilab




Summary

23

MC offers a unique opportunity for EF collider with high luminosity

Physics & technology landscape has significantly changed recently

« Explosion of physics interest in MuC as indicated by the number of publications,
activities in IMCC, Muon Collider Forum, Snowmass white papers, P5 vision...

No fundamental show-stoppers in physics and technology have been
identified, however major developments in all areas are required

P5 report opens the door for a strong R&D program in the US

Next steps:

— Understand funding mechanisms

— Organization of US efforts

— Develop and R&D plan in both accelerator and detector design

There are numerous opportunities for everyone to get involved!

Accelerator non-experts are very welcome to help us!

2% Fermilab
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Backup

2% Fermilab
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MuC target: Path forward

LBNF plans to use protons which will operate at 1.2 MW to start and
will be upgradable to 2.4 MW

To deliver this power, the Fermilab Accelerator Complex
Evolution (ACE) has been proposed to P5

* Include a target R&D program for 1.2+ MW beam powers in the next decade

« This program will extremely benefit the targetry R&D for a MuC

@
LBNF Beam Construction > 1.2 MW >

ngX Stage 2: Design and
Design/R&D Validate > Stage 1 Op?MW> build 2" generation components
(1yy thatcan raise limits (>1.2 MW)
Stage 3: Design and
Stage 2 Design/R&D > Build/Test > Validate Stage 2 Op ? MW > bUI|d fU”y optimized
: systems (2.4 MW)
|
Hages Design/R&D Build/Test/LSD? > Validate )| Stage 3 Op 2.4 MW>
& Fermilab
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What has changed since over the last years?

26

Lattice design

« Developed designs for all MuC subsystems, including a promising solution for a
neutrino flux mitigation system

Targets

« Significant developments on MW-class target concepts due to the strong demand
by many experiments.

Magnet technology

* Development of high-field solenoids & dipoles with specs close to the MuC needs
RF technology

« Demonstrated high-gradient operation of NC cavities in B-fields (50 MV/m @ 3T)
« SCREF cavity gradients for a MuC are within reach of current technology
lonization cooling concept demonstration

« Physics of ionization cooling has been demonstrated and results are published

2% Fermilab
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A possible site: Fermilab Muon Campus

» Designed to provide beam for the Muon g-2 and Mu2e experiments

« Muon g-2 experiment ended this year — Beamlines are available

—-

i

o O Wy 055 1

R S S sy e L
J‘-‘_je' ¢ AL ". A-‘l" . ,.‘ é - "“H"'."h :

Muon Campus offers:
* Proton source

« Target

* Muon beamlines

« Experienced team

= b1 Line
= AP-0Taget Hal
= M2 Line
m— M2 Line
=== DdiveryRing
= Deivery Ring Abort Li ne
m— M4 Line

M5 Line
= MC-1 Experimerta Hall
e MuZe TargetH dl
e MuZe Det ector Hall

F23 - F27 o
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MuC GeV acceleration — Concept & technology needs

255 MeVic

8000
i 25§
( 1000 iS00, ’—\ 7
Q| s—ﬂi/ﬁ}\/ \"'"ﬂilﬂ(

)

SC RF 325 MHz

0 . & NN 27N 77N\
/ W \ / X U \
'—L \J — \V =
L 150 L8}
e - \ N / \ \ r
\ ’ / \ [\ /
s SN / S /

SC RF 650 MHz

39.8 GeV

LGOS

SC RF 1300 MHz

829 m
11.6 GeV/pass

« Technologies requirements for a Muon Collider:
« Superconducting (SC) linacs and Recirculating linear accelerators (RLAS)

 Low frequency SC RF cavities that need to operate at high gradients

2% Fermilab
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