A Staged Muon Accelerator Facility
for future Neutrino and Collider Physics
In the multi-TeV energy range

J.P. Delahaye / CERN

J.P.Delahaye CPPM seminar (Jan 21, 2019)
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First Supermovae
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THE UNIVERSE BECOMES TRA

Particle physics studies the ==
fundamental nature of 2 :
energy, matter, space, and time, P oy .
and applies that knowledge
to understand the birth, evolution
and fate of the universe
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N }(r Particle Accelerators recreating conditions at
T the early stages of the universe

’D/‘og ra(‘—\

Nuclei! Atoms

? ' Quarks and Leptons Hadrons
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10%% 160" 10%  3min 380000 15 Billion

years Years
Collisions in Particle Time after Big Bang

Accelerators with energy
density comparable to
early Universe and
generating particles:

Present exploration from 10-1° s after Big Bang

Performing the archeology of particles from

this early date to today

Observing the rules governing their evolution
 More powerful collisions required to simulate

conditions closer to Big Bang
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ELECTRON
ATOM (108 cm)

NUCLEI

PARTICLES (1013 ¢cm)
PROTON, NEUTRON
L cHADWICK (1932)

HOFSTADTER et al. (1953)

QUARK IS SMALLER THAN 10-7 ¢m p,n : not pointlike

= FRIEDMAN et al.
() (1967)
QUARK ™=

Complementarity

between experiments:

* infinity small scale
(particle physics)

* infinity large scale
(cosmology)

Instruments

g
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Accelerators acting as "super-microscpe”
at the dimensions of sub-particles

de Broglie: A ~1/E
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Higgs?
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N U Cl ei nucsar foros)

Atom . @

Virus
Cell

Earth radius
Earth to Sun o
Galaxies -
Radius of

observable Universe

Higher resolution requires even more powerful accelerators

J.P.Delahaye
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7'5}1( A powerful & successful “standard model”

Prograc®
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Galllel  Gravity

Strong predictive power:
Higgs boson interaction
by which fundamental
particles get mass S —
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Why so many types
of elementary particles?

The Standard Model has 61 elementary particles.™*

Neutrino Mass / Theory of Flavor

Higgs Boson Naturalness FlemenaryParcles

New Physics Beyond Standard
“*  Model (BSM) mandatory

Which Physics?
At which energy and scale?

\tomic Matter : “What we know is a droplet, what we

JLight 7\ ey don’t know is an Ocean”
Sir Isaac Newton (1643-1727)

Why universe made of What about dark energy
matter ? What happened & dark matter = 96% universe?

Pelsaavelmatter? 7

xpansion
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on Pocele,

@ /'( Hadron & Lepton Colliders
- cOmplementary for High Energy Physms

« Hadron colliders as discovery facilities

at the energy frontier
—huge QCD background
—not all nucleon energy available

in collision P P
E}.g. > ‘Ofo‘ ‘j

* Lepton colliders for precision physics
—well defined initial energy for reaction
— Colliding “point” like particles

[» ? > s_-
« Consensus for Lepton Collider as next
facility @ High Energy Frontier after LHC

—energy determined by LHC discoveries

— Study in detail the properties of new physics
identified by LHC (when and if confirmed?):

resently HIGGS, possibly BSM in the future
J.P.Delahaye CPPM seminar (Jan 21, 20
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71}1’[ Lepton Colliders at the Energy Frontier

Rrograc®
1.E+35
—
& 1.E+34
)
s CLIC/SLC energy =20
= 1.6+33 || CLIC/SLC luminosity = 10%| =
o .gEmad Novel accelerator
> B ® technology required
= BSM Physics?
3 1E+31
1.E+30 e
Confirmedy | SRS
by LHC o
Higgs and Top Physics

J.P.Delahaye
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}(’ Linear Collider layouts

http://www.linearcollider.org/cms http.//c_l|c—studv.web.cern.ch/CLIC—Studv/
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ILC 0.5 TeV — 30 km
ILC 1 TeV — 50 km
Mature technology: TDR

O[OS O ION

31.5MV/m

uny e~

797 klystrons 797 klystrans
circumferences I 15 MW, 139 ps

from 2.4 GeV.10.240 MeV. LA H - delayloop730m ||
drive beam accelerator CR1292.2m drive beam accelarator
B

POWER EXTRACTION . CR24383m
STRUCTURE 25km 25km

delay loop b- < | delay loap

2 @ decelerator, 24 sectors of 876 m
P
o
BC2

BDS BDS

ACCELERATING

STRUCTURES
i # 45
Main beam —1 A, 200 ns 275km 275 km 7
TA=120m & main linac, llﬁH 100 My/m, 21.02 km e* main linac TA radius = 120 m

from 9 GeV to 1.5 TeV

f i

BPM - 0.8 km
CR comhiner rlng

time: 0 0.0

100MV/m

CLIC 0.5 TeV: 13 km
CLIC 3 TeV: 48 km e
& injector,

Feasibility: CDR->TDR 286 Gev

J.P.Delahaye C

booster linac, 6.14 GeV

a* injector,
2.86 GeV



http://www.linearcollider.org/cms/
http://www.linearcollider.org/cms
http://clic-study.web.cern.ch/CLIC-Study/

CERN existing LHC
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Future Circular Collider (FCC) study
100TeV Hadron Cqg 00Okm tunnel

z |z | w [ " | un
100
11
45.6 80 120 175
1450 152 30 6.6
30180 91500 5260 780 81
Bunch spacing [ns] 7.5 2.5 50 400 4000
Bunch population [10*] 1.0 0.33 0.6 0.8 1.7
Horizontal emittance € [nm] 0.2 0.09 0.26 0.61 1.3
Vertical emittance ¢ [pm] 1 1 1 1.2 2.5
Momentum comp. [107] 0.7 0.7 0.7 0.7 0.7
Betatron function at IP
- Horizontal g* [m] 0.5 1 1 1 1
- Vertical p* [mm] 1 2 2
Horizontal beam size at IP o* [um] 10 9.5 16 25 36
Vertical beam size at IP o* [nm] 32 45 45 49 70
Crossing angle at IP [mrad] 30
. 1 Energy spread [%]
. - Synchrotron radiation 0.04 0.04 0.07 0.10 0.14
‘ - Total (including BS) 0.22 0.09 0.10 0.12 0.17
. . . Bunch length [mm]
N SChematlc of an - Synchrotron radiation 1.2 1.6 2.0 2.0 2.1
3 - Total 6.7 3.8 3.1 2.4 2.5
80 -100 km ¥ Energy loss / turn [GeV] 0.03 0.33 1.67 7.55
SR power / beam [MW] 50
‘ 'ong tunnel . Total RF voltage [GV] 0.4 0.2 0.8 3 10
. ¥ RF frequency [MHz] 400
‘ Longitudinal damping time [turns] 1320 243 72 23
‘ Energy acceptance RF [%] 7.2 4.7 5.5 7.0 6.7
Synchrotron tune Q. 0.036 0.025 0.037 0.056 0.075
‘ Polarization time 1, [min] 11200 672 89 13
‘ ~ Interaction region length L, [mm] 0.66 0.62 1.02 1.35 1.74
. Hourglass factor # (L) 0.92 0.98 0.95 0.92 0.88
« - - - Luminosity/IP for 2IPs [10%** ecm?s!] 207 90 19.1 5.1 1.3
2 B B
eam-beam parameter
- Horizontal 0.025 0.05 0.07 0.08 0.08
- Vertical 0.16 0.13 0.16 0.14 0.12
Luminosity lifetime [min 94 185 90 67 57
alaz y lfetime [min]
Beamstrahlung critical No/Yes No No No Yes

First phase: e*/e- collider with colliding beam energy of up to 350 GeV
CPPM seminar (Jan 21, 2019)



Novel technologies for high gradient acceleration

« High gradient acceleration requires high peak power and
structures that can sustain high fields

— Beams and lasers can be generated with high peak power
— Dielectrics and plasmas can withstand high fields

« Many paths towards high gradient acceleration

— RF source driven metallic structures } ~100 MV/m
— Beam-driven metallic structures

— Laser-driven dielectric structures } 1 GV/im

— Beam-driven dielectric structures

— Laser-driven plasmas
| ~10 GV/m
— Beam-driven plasmas

Courtesy

Tor Raubenheimer

New Acceleration Techniques LS A ®

MATIOMAL ACCEL ERATOR LABCEATOEY

CPPM seminar (Jan 21, 2019) 14



"\ =Plasma Acceleration
TC/‘ (Beam-driven or Laser-driven)

/‘ograﬁ\
50 GV/m demonstrated - Focusing (E,)
_ _ efocusing . oleratine Decelerating (E)
Potential use for linear \ Accelerating ‘
: . I A== = Laser
colliders and radiation 2 F gy +f+ + e A4 - pulse or
sources l P <20 (B ) ——>

N + + +¢+ . |

S+ + o+ 4 = + W+ o electron
=TT ——- === beam
Accelerated Witness Bunch

Impressive development rate

S Simulation of 25
® Beam Driven (e) [ 111l GeV PWFA stage
. Beam Driven (e*)f - - i
w|l © Laser Driven (e) |1 .'.'E' '1'{3.'4}&5("
10 : BELLA
o
> lo® =
= 10° FACET 3
2 >
& z
£ L
‘E 108 e S P M > ;'
T ::::::::::::.::::::::::::E::::::E..’162 Triiiin i .
S S JUGLA _{eﬂ _ Drive bunch
10
10 i - >
J. tQB%|ahaye1 995 2000 2005 20&?’P:K}ngmi

Year



T)ﬂf tate-of-the-art PW-laser for laser plasma accelerator science
In BELLA /LBNL —demonstrator for 10 GeV module

Control

1PW (1015)
& 40 fs/1Hz/40J
world record

RECOVERY.SOV

rd =

Off-axis arabola
In full agreementw

~$30 M investment: 2009-2012 with simulations

nCiSRi(MeVic) o

Plasma source

dE [pC/GeV]

Primary goal

* Demonstrate high quality electron beams at 10 GeV
e Staging of two LPA modules at 1GeV level

Achieved with BELLA laser limited to 0.39TW:

* 4.3 GeV acceleration in 9cm plasma channel
* 50 GV/m accelerating field
e 1.5% FWHM momentum spread 2

Next gxpgriments aim at 10 GeV with Jull [aser energy)

n long cggillary discharge




'PWFA development &

West @ FACET /SLAC

a®

= 20GeV, 3nC, 20um?

Primary Goal:

Demonstrate a single-stage high-energy plasma

Sl o B ¥ # accelerator for electrons.
i AT NN - Meter scale
* High gradient Laser OFF  Laser ON
7 Esewndo * Preserved emittance | |

o e T * Low energy spread 2
* High efficiency

21

Achieved (two bunches)
« 2 GeV Acceleration &
e 6 GV/m acceler. field ,,
« 2% mom. spread

A
/
0*/ 3

Compre?sorChlcane (A

18

Timeline:
« Commissioning (2012)
* Drive & witness e” bunch (2012-2013)
* Optimization of e~ acceleration (2013-2015)
. N_— (E rst hj&g)gradlent e* PWFA (2014-2016)




T'/’ Muons, an attractive alternative

v

( with high potential and critical challenges

Muons are leptons like electrons & positrons
but with a mass 207 times larger

* Negligible synchrotron radiation emission (a m-2)

- Multi-pass collisions (1000 turns) in ring
* High luminosity with reasonable beam power and power consumption
- relaxed beam emittances & sizes, alignment & stability
* Multi-detectors supporting broad physics communities
° Large time (15 us) between bunch crossings .}

.u+

©- No beam-strahlung at collision: CToe
* narrow luminosity spectrum

u-
e- no beamstrahlung
e- w. beamstrahlung

3 TeV

1% of ECM

- Multi-pass acceleration:
@ * Cost effective construction & operation
* Compact acceleration system and collider W m we w0 mw om

center of mass energy (GeV)

®- No cooling by synchrotron Radiation in standard Damping rings
* Requires development of novel cooling method

J.P.Delahaye CPPM seminar (Jan 21, 2019) 18



sPccels,

N,
T The beauty of Muons

’O/‘ogra((\

* Strong coupling to Higgs mechanism by s channel
- Cross section enhanced by (m /m.)?2 =40000 *F

with sharp peak at 126GeV resonance
* Higgs factory allowing energy scan with high
@ energy resolution for direct mass and width
measurements at half colliding beam energy
and 102 less luminosity than with e+/e-
@ * Requires colliding beam with extremely small

momentum spread (4 105) and high stability I (Ga\gc; 400 500

o (fb)

As with an e*e” collider, a p*u~ collider offers a
precision probe of fundamental interactions

without limitations in energy:
By synchrotron radiation as in circular colliders
By beamstrahlung as in linear colliders

J.P.Delahaye CPPM seminar (Jan 21, 2019) 19



P@Ce@

<V “Muon Colliders extending high energy frontier
7:-omWIth excellent performance in the Multi-TeV range

25.00 25.00
Muon Collid Muon Collider

uon Lolliaer
FCCee / (MAP) FCC-ee / (MAP)
20.00

/

Lepton Collider Technoloy for largest Luminosity

 Low energy range (0-350GeV): Circular colliders '
) Medium energy range (350-2000GeV): Linear Colliders
cm * High energy range (Multi-TeV): Muon Colliders

20.00

Provided their feasibility is demonstrated!

A
. /

5.00 CLIC . 5.00

Linear % — PWFA
cu ro. — A
CLIC \ L .
< Inear
Collid nCollider
0.00 | ) {MAR) 0.00 —ILC {MAR}
0.00 1.00 200 300 400 500 600 700 800 900 1000 0.00 1.00 2.00 3.00 400 500 600 700 800 900 1000
C.M. colliding beam energy (TeV) C.M. colliding beam energy (TeV)
st=lC emBmCUC  mimPWFA  emtmmMuon Collider (MAP)  ssseFCCee == Muon Collider (LEMMA] ep=|l( wge=CUC s===PWFA  =mwmMuon Collider (MAP) ~ sssFCC-ce  smpm=Muon Collider (LEMMA)

J.P.Delahaye CPPM seminar (Jan 21, 2019) 20



o Accelg,

N,
T Muons: Issues & Challenges

'O/‘og ra®

° Limited lifetime: 2.2 us at rest

@ * Race against death: fast generation, acceleration & collision before decay

°* Muons decay in accelerator and detector
- Physics feasibility with large background?
- Shielding of detector and facility irradiation
* Decays in neutrinos:
- Ideal source of well defined electron and muons neutrinos in equal quantities :

@ r + +., 15 1
1 —>e vy,

[ —>e VvV
|/

The neutrino factory concept

e u

|
* Generated as tertiary particles in large emittances

@ * powerful MW(s) driver
* novel cooling method (6D 10° emittance reduction)

Development of novel technologies
with key accelerator and detector challenges

J.P.Delahaye CPPM seminar (Jan 21, 2019) 21



Q PCCelg )

N\, *  Muon Accelerator Program (MAP @ FNAL/USA)
TQ(( . e
addressing feasibility of muon based accelerators

o gr a®

focused on developing a facility e«d\ergy F"O/y :

that can address critical questions & -
spanning two frontiers... |

with a Muon Collider capable of
reaching multi-TeV CoM energies
and a =)

Higgs Factory with unique property FfOntler The C°

unique muon
accelerators SPANS 2 FRONTIERS

22




sPccels,

QT,}('( Muon Accelerator Concept

v

~pMuon production from Proton driven Pions decay

Key issues and R&D to address feasibility

Proton Driver Front Cooling Acceleration Collider Ring
End utou
ﬁ &

‘ Target
i

ECoM

5 5 s Ty S 126 GeV
8 § |@glcEz| 2 2 £ 1.5 TeV
2 5 Pg85d| 5 rhs o 3 Tey
s £ |89l g| ¢ g2 o O
< © ?og o 2 - § & = Accelerator Types: Linac,
T g| e & i Recirculating Linacs (RLAs),
S Rapid Cycling Synchrotrons (RCS)
| T 1 T
~1013.1014 i )
Key TlO_ 10 u/_slec Fasti:é)olmg Fast acceleration Background
Challenges ertiary particie (1=2ps) mitigating p decay by p decay
P27 u: by 106 (6D) T 1‘
1 $ |
MW proton driver lonization cooling Cost eff. low RF SC | Detector/
Key R&D MW class target High field solenoids (30T) Fast pulsed magnet | machine
NCRF in magnetic field | High Temp Superconductor (1kHz) interface

J.P.Delahaye CPPM seminar (Jan 21, 2019) 23



SN Technical challenges
% Muon production as tertiary particle

Prograc®

%‘A MW class Target with Graphite Core| RYVHEVAVAAERSRI[VleNz(CRETLo[=]1

15 T superconducting coil outsert, The MERIT Experiment at the CERN PS - 2

AAAAAAAAAAAAAAA — Demonstrated a 20m/s liquid Hg jet injected -
into a 15 T solenoid and hit with a y
115 KJ/pulse beam!

= Jets could operate with beam powers up to
8 MW with a repetition rate of 70 Hz

Proton beam tube

Last
Final-Focus

MAP staging aimed at initial 1 MW target

Stainless-steel target vessel
(double-walled with intramural
He-gas flow for cooling) with

graphite target and beam dump,
and downstream Be window.

Upstream proton beam

ST copper-coilinsert.
window PP

‘Water-cooled,
MgO insulated

Hg jet ina 15 T solenoid
with measured disruption
length ~ 28 cm

He-gas cooled W-bead shielding (~ 100 tons)

An Efficient Front End for

Aceefg,
o
oF

Technology Challenges — Capture Solenoid [Ep¢d

Prograt®

Tertiary Particle Production

Target station Buncher Phase rotator lonization cooling channel

* A Neutrino Factory and/or Muon Collider Facility requires
challenging magnet design in several areas:
— Target Capture Solenoid (15-20T with large aperture)

t t

{
Decay channel

-
-
-
. 1\..\1mn- her ‘.-. ri-Rowticnll GG OO0 8 Estored ~ 3 GJ
e

0.16 ST
012 ba.02% — A MW class proton sot_lrce O(10MW) resistive
S o.az | 337 —— enables muons from pions coil in high radiation
- 0.1 | *-°7 decay to be produced, environment
o - .
2 o.0s} captured and bunched in a
£ o.o6} front end with an overall — e /
2 o.oal} efficiency of 0.15 muon / Possible application ' ol . W
0. 02 ’ proton _be_fore being cooled for High Temperature , Beam Dump Shield
° =0 100 150 200 z2so to fit within the acceptances Superconducting

Z[m] of an accelerator

magnet technology
J.P.Delahaye CPPM seminar (Jan 21, 2019) 24




Technology Challenges - Acceleration
* Muons require an ultrafast accelerator chain

= Beyond the capability of most machines

Solutions include: Superconducting Linacs
o = Recirculating Linear Accelerators (RLAS)
Fixed-Field Alternating-Gradient (FFAG)
Machines
Rapid Cycling Synchrotrons (RCS)
3 K‘@* - 2 T p-p magnets
" — . |at f=400 Hz
(U Miss & FNAL)

RLA 11

JEMMRLA Proposal:
JLAB Electron Model of
Muon RLA with Multi-pass
Arcs

Cost efficient low frequency
Super-Conducting RF Cavities
a

Nb coated Cu cavities

* Two 500 MHz cavities |
spun from explosion L

sheets

* Research
partnership with

electroforming

J.P.Delahaye

CPPM seminar (Jan 21, 2019)

s}(r Technical challenges
Fast and cost efficient acceleration

Technology & Design Challenges
Ring, Magnets, Detector

« Emittances are relatively large, but muons circulate for ~1000
turns before decaying

— Lattice studies for 126 GeV,
1.5 & 3 TeV CoM

High field dipoles and
quadrupoles must operate
in high-rate muon decay
backgrounds

— Magnet designs under study

MARS energy
deposition map
for 1.5 TeV.
collider dipole

B

» Detector shielding & performance

— Initial studies for 126 GeV, 1.5 TeV, and
3 TeV using MARS background simulations
— Major focus on optimizing shielding
configuration

N Fast Pulsed Normal Conducting Dipole for hybrid
7‘3( ¢ (NC/MC magnets) Rapid Cycling Synchrotrons (RCS)

Hybrid synchrotrons with NC/SC magnets

1.8 T, 400Hz Dipole — D. Summers, U Miss.

A 1.8 T dipole magnet using thin grain oriented
silicon steel laminations has been constructed

High Energy Orbit

2 Cold - -
— = as a prototype for a muon synchrotron
Dipole Dipole Dipole . N e
S ] ] = ramping at 400Hz
Low Energy Orbit
3 hd . The dipole has run at 1.8 Tesla both at both
Beam Envelope Closed Orbit 425 Hz and 1410 Hz as well as DC as shown in
- 2 ~ the graph below
5
= 1
2
g 0t
B
8 -1+
o
E 2
[
gl =
o "
T a4l - < ==
= 375GeVfc == 5625GeVfc =—— 750GeV/c = =
5 : : N X : : Reached 1.8T - further design &

0 10 20 30 40 50 60 70

rototype work in progress
Lengitudinal Position {m) P P prog

25



@/'( Technical challenges
Te Collider Rings

Rrograc®

Detailed optics studies for Higgs,

and background studies
AL G IR | ccs

D) -

1.5 TeV, 3 TeV and now 6 TeV CoM
* With supporting magnet designs Higgs Ring

Matching Section

chromaticity correction

(single IR)

Yz Arc I

53 S54

0 / " - F .
'.\\ AN . /\ ._ ’
ﬁ a0 PR > e V N . s
s 2 .~ T = _
20 : - 60 a0 o - 0 1.
W i Higgs Factory lattice and optics functions for p*=2.5cm in a half-ring starting from IP
4 chromaticity correction sextupoles

s51 s52
N A
Dipole/Quad P (e |
200 - ~ A

B*=1lcm 150 i—

1.5 TeV

200 s(7r7)

150

C 3 oE yres
u ;:-&,L’;':' IR | ccs | Matching Section | Arccell |
. ’ l..]lll_]-.ll—.ljl-lllLl.l.—'-.l.l.l._hlll-l.lll—. - -—.ll.l.-'. .Hl... -“hl...-ll-‘mlI_'_-.j.

Quad/Dipole f
Ny JT \\\ e X :. P
D

3 TeV

= = “TPPM seminar (Jan 21, 3019) =/

J.P.Delahaye
00 E
Optics functions from IP to the end of the first arc cell (6 such cells / arc) for p*=Bmm



SN Machine Detector Interface

Background mitigation

Rrograc®
g - gamma ‘g' 3.6 10° gammas
E o " " " Energy (Gev)
£ Hﬁ\
) ; 4-‘100 000 ln:u Mo Mo 10 710 10 T 10 T 10 T 1w e e Tt g
'r; % ’ Particle tracks (3>0(()).1 -0.5 MeV) for liol(:ru- decays e Emeray (GeV)
%o o % ey Much of background
Ew - 10 ;-E Tracker hits ~ 1ns, 910+ SOft and out Of time
2 TOF-TO timing g dedx
S - < ;-:.::-: 1 £ Caloimeter  2ns  24x10° . . .
= MARS background | & Neulions Timing window with ns
1o 107= " Calorimet 2 2.2x10°2 : :
e resolution is key to
e Tt et ne reduce background by
=1 —_— otomns
S EMN I =z three orders of
£ | muons magnitude
§ a0 —H L T e — arged hadrons
£

- o a 1 1
o 100 200 3I00 200
MARS particle TOF, ns
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Requires a detector with
fast, pixelated tracker
and calorimeter
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SV [echnical Chall
S }[’ . ecnnica allenge
N 9 9
Trackers: Employ double-layer Sual Readout P e Calori
. . ual Readout Projective Calorimeter
structure with 1mm separation for J
i e Lead glass + scintillating fibers Dual Readout ILC Simulati
neutral background suppression ; Lead glass + scintillating f ALl ILCroot Simulation
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100 ® Front section 20 cm depth 10° Nozzle
2 E e Rear section 160 cm depth
= 95 e ~ 7.5, depth
S sof . . ¢ >100 X_ depth
E E e Fully projective geometry
: 850 v e Azimuth coverage
80— down to ~8.4° (Nozzle)
% E e Barrel: 16384 towers
=l 75— B T I T e Endcaps: 7222 towers
=} = v After timing cut
E = + ﬁﬂger tlm?ng, e-c;iep euts ® All simulation parameters corresponds to
o 65 @ -After timing; edep; double layer cuts -~ ADRIANO prototype #9 tested by
= sol— i Fermilab T1015 Collaboration in Aug 2012
E d=1mm, Bi= @ FTBF (see also T1015 Gatto's talk at
55— SR S ; : Calor2012)
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L T Y BT G' A s' 35" e New test beam ongoing now @ Fermilab. Tracker
Layer - —
— ; : V. Di Benedetto MAP 2015 Spring Workshop - Fermilar nd
2 S | . L
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/ Cooling Methods

Prograc®

The challenge of muon cooling is due to the short muon

lifetime (2 us at rest)

* Cooling must take place very quickly
°* More quickly than any of the cooling methods presently in use
= Utilize energy loss in materials with RF re-acceleration

e Muons cool via dE/dx in Iow-Z medlum

“ET * jonization
s minimum is
28 = optimal
dE dE dE : .

working point:

B oA

dE /dv (MeV g lem

» longitudinal +ive

/ \ dx dx dx
feedback at

CO O I I n g — Absorbers: higher p
0—0+0m ionization energy loss

" " \ \_'__;/:';,'/,-fn"" lower p
lonization BN
g l E— E— dE As or /s expense of
gl el reacceleration at
o ymentum (GeVic)

space
K / ™ multiple Coulomb scattering

— RF cavities between absorbers replace AE

— Net effect: reduction in p, at constant p , i.e., transverse cooling

dey | dEs ey BL(0.014 GeV? _
s _F( ‘ >E_ + = BE.m. X (emittance change per unit length)
h In P o TN
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Té\(l Novel Muon lonization Cooling

Rrograc®
4 E For acceleration to E Tarﬂget IO n I zat I on coo I I n g
2 [ multi-TeV collider "g' E RF Cavities
— ) . = Phase
Ewrgp e oo [ VA NN
§ 4 F Exit Front En ‘ ‘
_‘;_S 2 | ' (lSmm,45mm(j) - -
7%1008 - Coolng — O — o lon e <
c = post-merge pre-merge
2 f e Coclng b Coolng L A4
3 2 F For acceleration glgeén;(e)lraz \ SC magnets /
1.0 g to Higgs Factory ,\BALérge (original design) Absorbers
10.0 102 10 10*
Transverse Emittance (microns)
Vacuum Cooling Channel (VCC) Helical Cooling Channel (HCC)
Beam entrance (Be RF window)
LiH absorber coll cavities TOP VIEW Elliptical HS cail
T l J Pressure vessel
onous L L - -
m Et h (0] d S 'Al03 ceramic ring
SIDE VIEW | /2
= o] R . R e - - | —
8 | § | 3 | B |
Major Accelerating field limitation High pressure (160atm)
challenges by magnetic field (10 T) Gas (GH,) filled RF cavities
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¥ ./’( Muon lonization Cooling Experiment
T- MICE @ RAL (International Collaboration)

Cooling cel@ = E
B = 5-45 cm, LHz, RF [oddat’ j‘_',«“ff
1 y 'ﬂluiu.é’—ﬂ‘

=l TOF
— = | Calorimeters

il

’,-

5| 4T spectrometer IT

1 beam
~200 MeV/c

ﬁ
emittance measurements wit recision

Goals: and @ Yesolution (muon by muon)

- Demonstrate in ] 'w
steps the method
Spectrometer E

with beam and it .
feasibility si EQE. e " —
- Validate cooling =
simulation tools i

‘+ CKOV
- System = @H‘g Tl AR
g

Integration iconing muon eam
+H < o= =
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@'*V MICE completed (2015)

T/ Data taking with beam (2016-17)
Frogra® e T Analysis and simulation (217-18)

R £



MICE experimental results

Te First ionization cooling demonstation
" Validation of beam dynamics & simulation tools
- “"L..““% - - -

FIGURE 9. Beam amplitude for 140 MeV/c bear 6% tran Sve rse em Ittan Ce se-space components (a) upstream
and (b), . .
reduction in absorber

/

— O 98F= ; VO BUSOTDeT
= L = G—— MICE snternas .
= - 15:5 Cycle 201703 — t— | P —— [e——
== - - Run setting 7 i Ut St 20T e B9
< 096L— MALS v3 20
|5 12 = ' 6-140
LE-71 P
- e ™
o “'_..- et - i ———— PP ool
os2t— .
o R C Prateanary - ——— D el
E 1.4 3
0.9 p—
— 1.2 ?_._ + 10-140
oes— - - o
& Lo ST e S — e
o88kb— . 4 .. 4 . 20 a0 20 =0 20 40
z[mj R ted P de [mm]
simu I ated ()

FIGURE 10. (a) BehawWor of ¢, subemittan {emittance of central 9% of beam) in MICE. compared to simulation. for nominal
6 mm input emittance >sorber: shaded band shows systematic uncertainty: (b) cumulative amplitude ratios
measured in MICE f M easu red it beam emittance and three absorber configurations: solid error bars are statistical

ertainties. gray-shaded bands are systematics.
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‘}T}(’( An attractive novel alternative
il Low Emittance Muon Accelerator (LEMMA)

Muon production by e+/e- annihilation at 45 GeV threshold
no cooling required

Proton Driver Front End §Cooling Acceleration Collider Ring

__OOA

v

!

- _ o oo ¢ =
. |o-0 § 5| 2
g S 3 ¢ |[PREg5ElcE P P £
£ 8 § 35 |fuf g 5|8 8 3 = 5
— =] c nws0 2 < v o =<« ¢ (@)
3 E 32 § 4252 ¢g|g 28 g2 8 O
S5 — Q %] () Q =
S 93 o 2|l % 8 a= 3 ¢ Accelerators:
< § o =|E 2 = | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring

10 ocpairs/sec from
e*e” interactions. The small
production emittance allows lower ——
overall charge in the collider rings Positron Linac h

ECoM:

10s of TeV

— hence, lower backgrounds in a = % 5 @
. . Q o <
collider detector and a higher x 0 cF —>
. o ®© S K H
potential CoM energy due to S * < Accelerators:
neutrino radiation. Qo Linacs, RLA or FFAG, RCS

Major challenge: Large positron flux (108 e*/s) required
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CERN, a success story

Staged CERN Accelerator Complex Multl-purpose
approach ) - applications

LHC

-

SPS

TI2

ATLAS

neutrinos
CN(;?\

2008

Gran Sasso

AD
BOOSTER

@
5

ISOLDE

East Area

n_TOF 19528 " ) -
2001 |
LINAC 2 | i 1 CTF3
neutrons Lei O -
elr
Hons
> ion » neutrons » p [antiproton] =—— 1/ antiproton conversion » neutrinos » electron

LHC Large Hadron Collider SPS Super Proton Synchrotron  PS  Proton Synchrotron

AD Antiproton Decelerator CTF3 Clic Test Facility CNGS Cern Neutrinos to Gran Sasso  ISOLDE  Isotope Separator OnLine DEvice
LEIR Low Energylon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight
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VN
TC/( Principles of an ideal project scenario

Series of STAGED facilities

° physics interest at each stage
* Technology with increasing complexity progressively
developed and validated

Possibly MULTIPURPOSE
°* maximizing supported physics community and funding!

Affordable steps (<1 G9$) from one facility to next
e Stage built-on previous stage with additional facilities

Taking advantage of existing facilities
° synergy between present and future program
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?.,}(’;’Unique opportunity of Muon based accelerators
- 10 enable facilities at both High Intensity and

Hi rgy Frontiers in a staged approach
NeutringFactory (NuMAX) at™Wigh Intensity Frontier i |

Front End\ Cool- | Acceleration L Storage Ring v Factory Goal:

ng . 102" p* & p- per year
T within the accelerator
T — 5 GeV acceptance

— = — i >
[ it Q_- 1] e o D.DE [}.2—1 1_5 — V’
o S s POE S F|Si ) GV  Gev RN
- S g =2 £ 5§ AT u-Collider Goals:
3 E 2 825 @ g |2 126 GeV =
! 'S ] — c
= R RN celerators: ~14,000 Higgs/yr
= = S  ®|F: |ShelePasslinacs Multi-TeV =
< Share same complex ‘
- ‘_"-u______‘_ x\\‘
Muon Collider at High Energy Frontier
Proton Driver Front End :Cooljng Acceleration
: ~
- T 3 i B
— s L - 2 4l O 2o —
s s g |Pgc£slEf2\W e =
& 6 5 [Fe2colo/f8F 4 5 ©
= £ hoL a3 =Y e 0 G O 0
o Ne R c - W Ts) = ccelerators:
< % = - 2 = | Linacs, RLA or FFAG, RCS
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SRl

}(( Staged pathway of a series of facilities
Te with physics interest at each stage

Rrograc®
Intensity Frontier Energy Frontier
1E21 A o [DSNFl— G Mul-Tl] (Beyord
tanaar
Neutrino ~ ML.'C’" N Model
g Factory 3§ B Colliders) ———__
> , NS 0 -
T 1ER20 NuMAX ] 0 -
% " | Precision VPhysics] ? 1 E+34 f,-l'"
0 " |_CP violation E L‘J’ o
Senl I s 2
% I_i- Sterile V 'g 1.E+33 * Nommal— Facto propertles
..;:: : cros E !
o 1E+18 r' |!
c nuSTORM 5 1.E432 U
] pgraded j -
g @ I 9 HIGGS Higgs properties
= Nominal| [Factory| | Direct mass&width
1.E+17 | | 1.E+31 T T T T T | ]
0 5 10 15 0 1000 2000 3000 4000 5000 6000
Beam Energy (GeV) Colliding Beam Energy (GeV)
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* M " Staged Neutrino Factory and Muon Colliders

TC’({ Increasing ooamp lexityrandrshallenges

Neutrino Factory at intensity frontier Muon Collider at the energy frontier
Parameters Unit  nuSTORM Coﬂ,‘n‘iﬂﬁﬁm NuMAX  NuMAX+ Higgs Fatory | Top Thrshold Optons | Mut-Te Baseines
dete:teo‘:;;::: 3107 | 49x10" | 18x10% | 5.0x10% Hocouts o

Stored u+ o plvear, - | 8x10” | 1250100 | 465x10® | 1.3x107 Stotup | Production|  High | High St Rcioto

NINDT T MND T T MIND 7 Parameter Unts | Opeation | Opeation | Resolution | Luminosty Mitigoton

Far Detector: Type |SuperBIND

: : Mag LAr | Mag LAr | Mag LAr (oM Energy L N L O O A b

Distance fromRing  km 19 1300 1300 1300 — T 11

. Mass| kT 13 100/30 | 100/30 [ 100/30 Avg Luminost O°emsl 0007, 00081 007 06 12 44 1]
§ Magnetic Field T 2 052 0.5-2 0.5-2 Beam Energy Spread

o . i i i .

- Vear Detector: Type |SuperBIND| — Sulle | Sute | Sute | o oy bt ! ol g gsoomon

Distance from Ring| m 50 100 100 100 - ] ] ] ‘

Mass| kT 0.1 1 1 2.7 (CUTETENGE S
Magnetic Field] T Yes Yes Yes Yes No. of IPs | l | | ]
Ring Momentum GeVic 38 4] 5 5 o
B Circumerence () - 150 7 o o Repeftion Rate H ) I ) N NN ) N I b
R W Straight section m T84 781 28] 781 iy m 30 0 15 O30y s 0%
[
Z Number of bunches - 60 60 60 i
Charge per bunch | 1x10° 59 % % No. muons/bunch 10 ] 4 4 | ]
= Initial Momentum| GeV/c - 0.25 0.25 0.25 No.bunces oeam l l l l ! l l
% Single-pass Linacs Ghjl\_l”c - ;;5 3622 ;2(; 3;;2 ;205 3622 Norm, Trans. Emitince, &, |xmmrad| — O4f  02f  02f 005 00 008 00
Z - ) ) ) .
2 Repetition  Hz i 30 30 60 Norm, Long Emittance &, (7 mmad N ) I/ I [
i
Cooin N £ wy e ] Buncmength THEIE I

roton beam rFower .

58 Sroton Beam ™ GeV 120 | 675 0f | o7 .H--lﬂﬂ.]-l
S & Protonsfyear| 1x10*' 0.1 9.2 9.2 254

]
. Repetion Hz | 075 15 15 15 Cooling 6D no final Full 6D
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Progressive installation in stages with
technology validation at each stage

Rrograc®

o) >

EFll%t coolin -

EIR %F Higgs

3 Adce erator Factory
T 0 I
< & Final c Q

I My

6.75 GeV
255MeV/c Protons

NN ol

6D cooling

Bunch
merge

6D cooling

)
Charge separator -%
©  oE.c M8 § &5 5 =
Or— == Cc c £ = 59
25 SsgMw £ 5 8 85  Muor
B(OOEE OsE © £ 5 2 =4 Collider
8¢t @£ 5 3 P 3 om ridlTs
~© .‘EEg'—'— - Q =
O ==
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A Potential Muon Accelerator

N\ 0.8 GeV Proton
Linac (PIPII)
LBNFE
:~~\Su perbeam
§~‘.~\
0~~ \ «
SURF o e -~ i ;
NuMAX: —<=3~=< M %

~< ‘ with the PIP-II
vs to SURE A . :

1 GeV Muon stage option
Linac (325MHz) ;- ‘

) 1.25-5 GeV/c Muon
<)
/iy dual use Linac
‘ (650MHz)
% 300m Higgs Factory
Muon Collider

>

Muon Beam:
£ /R&D Facility

B—/

= YSTORM
0 lS?Oft

1500 ft

with Tevatron size
at 6 TeV
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D.Neuffer

A Muon Collider in the CERN LHC tunne
Unique and attractive opportunity in Europe

V.shiltsev for a realistic precision & exploratory facility
Taking advantage of CERN LHC tunnel and injectors infrastructure

14 TeV muon colllder In the (existing) 27kms LHC tunnel

for substantial cost savings

Parameter “pS” “MAP” “LEMC?”

Luminosity 1.2-1033 |3.5-103° | 2.4-1032

cm-—=3s-1

Beam OE/E 0.1% 0.1% 0.2%

Rep rate, Hz 5 5 2200

N, /bunch 1.2-10M 21012 4.5x107

np 1 1 1*

& n MmM-mrad 25 25 0.04

B, mm 1 1 0.2

o (IR), um 0.6 0.6 0.011

Bunch length, m | 0.001 0.001 0.0002

p production 24 GeVp |(8GeVp 45 GeV et

source

p or e/pulse 8-1012 2-1014 3-1013

Driver beam 0.15MW 1.3MW 40 MW

power

Acceleration, 1-3.5, 3.5- | 1-3.5, 3.56- | 75 GV, RLA
7 RCS 7 RCS 100 turn

v rad. 0.02 0.30 0.003

(unmitigated) mSv/yr
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}[r( 14 TeV c.m. at constituants level
T' equivalent energy reach

. 100 TeV FCChh FCC-hh : 100 TeV pp colli
350GeV FCCee X S —

der

in 100km tunnel
(to be built) =

14TeV

Muon Collider
27km LHC tunnel “HE-LHC” F E, [TeV]
(eX|St| n g) 27 km 5 20 T Figure 1: The energy at which the proton collider cross-section equals that of a muon
collider. The dashed line assumes comparable Feynman amplitudes for the muon and the
14 1eVv (C' m. ) 33 TeV (C .m. ) proton production processes. A factor of ten enhancement of the proton production amplitude
PPAP comimunit squared, possibly due to QCD production, is considered in the continuous line.
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a2 % Limitation of HEP facilities by practicalities

7'5({ Wall-plug power consumption
rogra!
Lepton Colliders Wall-plug power consumption
Wall Plug Power ) : :
- wreiet) - fUNCtION Of energy and luminosity
i * Inlinear collider:
o / : « P x L*E + offset (Injectors+

lion Colygler (LEMMA) . .
/’ conventional facilities)

Cfe Py LPA X
y / / Muons
o ey / e

Muon Collider (MAP)

Fair comparison through a
Figure of merit (FOM):

| FoM = Luminosity / Wall Plug
consumption (L per MW)

CM. colliding beam energy (TeV)

wmpen |0 emgem(lC empPWFA emmem[PA  cpesDIA  emgmmMuon Collider (MAP) — wsgemFCC-ee  wmmsMuon Collider (LEMMA)
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@I(' Figure of merit of future candidates of
TC( Proton & Lepton colliders

200.00

Lepton & Proton Colliders Figure of Merit:

180.00

Muon Collider the ideal technology

to extend high energy frontier in the multi-TeV range
with reasonable dimension, cost and power consumption

c;:li:: o Muon Colliders (MAP) - MU n
Cotliders
T e / FCC-HH
6( c c ters)
Muon Collider in LHC tunnel (27km)
® Similar energy reach (14 TeV) as FCC hh (100km)
* Enabling both precison and exploratory physics —
0.00 .m T T T T T T
| | | C.M. coiliding bear.n energy (TéV) | |
e PN FA —®— Muon Colliders (MAP)
=il FCC-ee Muon Collider (in LHC, 2 detectors)
®— FCC-HH (2 detectors) == Nuon Collider (LEMMA)
45
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e Conclusion (1)
Most appropriate Lepton Collider Technoloy depends on Colliding Energy

* Low energy range (0-350GeV): Circular Colliders
* Medium energy range (350-2000GeV): Linear Colliders

* High energy range (Multi-TeV): Muon Colliders

Muon based technology provides unique opportunity to enable facilities
at both the high intensity and the high energy frontiers
* High precision neutrino physics and lepton colliders in multi-TeV range
* Great progress of R&D addressing key issues & feasibility of novel, challenging tech.
° Mature proton driven MAP & novel positron driven LEMMA scenarios

Muon colliders greatest potential to extend energy frontier in the multi-
TeV colliding beam energy range

* High energy for exploratory physics & High luminosity for precision physics

* |deal tool for physics beyond standard model

* With reasonable dimensions, cost & power consumption
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Y%
T Conclusion (2)

A multi-TeV Muon Collider especially attractive in the existing

CERN/LHC tunnel

* Taking advantage of available infrastructures & injectors for substantial
cost savings

* Potential of equivalent energy reach as a FCCpp in a (to be built) 100km
tunnel

* Building-up on impressive R&D and progress during last 30 years

* Exploratory study to be confirmed by feasibility study

Proposal to European Particle Physics Strategy Upgrade
by dedicated Muon Collider Working Group
* Set-up International Collaboration to promote Muon Colliders
* Define road map for a CDR by next European Strategy Upgrade (5 years)
* Develop Muon Collider concepts based on proton driven and positron
driven scenarios
* Carry-out R&D towards Muon Collider (Accelerator & Detector)

All welcome to join & participate
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T4 Documentation

Rrograc®

Muon Collider Working Group web site (under construction)
https://muoncollider.web.cern.ch/

Proposal of Muon Collider study to European Particle Physics
Strategy Upgrade, http://arxiv.org/abs/1901.06150

Recent RAST review about the various muon based scenarios

M. Boscolo, J. P. Delahaye and M. Palmer, “The future prospects
of muon colliders and neutrino factories,”

Rev. of Acc. Sci. and Tech. vol 9 (2018) 1-25.
or arXiv:1808.01858

J.P.Delahaye CPPM seminar (Jan 21, 2019)
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NUSTORM
neutrinos from STOred Muons

Target \
Neutrino Beam Muon Decay Ring P gU©_ An entry-level NF?
” DOES NOT

Low energy, low luminosity muon storage ring.
Provides with 1.7 < 10'® ;4 stored, the following
oscillated event numbers

ve — v, CC 330

v, — v, NC 47000

/e — /e NC 74000

7, — 17, CC 122000

., — 1, CC 217000
and each of these channels has a more than 10 o
difference from no oscillations

With more than 200 000 . CC events a %-level 1/,
cross section measurement should be possible

ENCLOSURE— |

/ _“,'r’b‘- 24'x7.5 MAGNET \\ ;'. ::%’;gl%s 50 3"‘103 . AL, degmde’
7 oroppmTon—— oA\ \|Uie O g /\ BEEN=——E i g
\ — ‘\ Expe;zuru/mr 3 ‘ —LogNomal i 1010 “’ / 1“,5 pU|Se
[Cocreero £ ‘ . Ideal R&D platform
to get experience,
test & validate
~ muon technology
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/( ‘Example of leverage potential by
- VOSTORM for Long Baseline Experiments

Super-Beams Super-Beams

10 | . W}th NUSTOR alone
— »
L — Y / ]
o *
- 9&6_301 1o = nuSTORM + T2HK offers
28 & significantly improved
0.8 ! sensitivity vs T2HK alone
]
4
w !
3 ;"
1Y)
5 00 /
o ¥ GLOBES
5 ;’ comparison of
5 oa ; potential
"5 . | ]
€ H —— LBNF (2E7s p.a) performance of
i l e T2HK (1E75 p.a.) the various
! NuMAX (1E7s p.a.) | Advanced
— — u .d. |
02 = : I Concepts
P ! , e NUMAX+ (1E7s p.a) '
i I
S - ’ ===== NuMAX+ (2E7s p.a)
U] n
0.0 s B BN S . . . _ . . _ . ! |
0 5 10 15 20
8 = CP violating phase Ad |degree]
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NuMAX (Neutrinos from Muon Accelerator CompleX) g

Lead, South Dakota

A 5GeV staged Neutrino Factory e ===

with far detector @ SURF
Neutrino Factori Super-Beams e -
L./UI AN : =3

‘‘‘‘‘‘‘‘

1.0 — -
' Present AS at 1o
Facilities
Q 0.8
(7))
qv] N
ri
2 < 06| // il
(= Y— N
; o -
L B [ / L~
o 2 l / —_—
s 5 | R
& uEi 0.4_— | 9
1 | [ . —
2o} I
W
0.2+ ’ O [ N S S
| [
| £; . —— 2025
L Glo ESZ(IJ‘IAJJI [{ l ;
O e s 20 30 40 50]
NuMAX complementary AS[°T
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AL % Accelerator based neutrino production methods
TC/(( (Euronu comparison as a service to the community: http://euronu.org)
Rrograc®

« Unstable lons Beta decay: L2/ gEw-

Ve
Ny T 15Ne > F + et + v,

Only:v, or v,

Source Oscillation Detection

, Neutrinos as
j'r’l(,?,/"”"‘<:,,.= secondary The only method in ex_igt_ing
“’“‘*-v.<v' particles ~ accelerator based facilities
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Source Oscillation Detection
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Cost

Colliders (CLIC and ILC) at 500 GeVc.m.
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