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Introduc.on	
  
Muon	
  collider	
  had	
  been	
  studied	
  mainly	
  in	
  the	
  US	
  (MAP),	
  effort	
  reduced	
  aIer	
  P5	
  
Other	
  ac.vi.es	
  mainly	
  in	
  UK	
  (MICE:	
  demonstra.on	
  of	
  ionisa.on	
  cooling,	
  EMMA:	
  
FFA)	
  and	
  at	
  INFN	
  (alterna.ve	
  muon	
  produc.on	
  scheme)	
  

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

The	
  updated	
  strategy	
  recommends	
  R&D	
  on	
  muon	
  beams	
  
	
  
The	
  LDG	
  ini.ated	
  an	
  interna.onal	
  muon	
  collider	
  collabora.on	
  
•  kick-­‐off	
  mee.ng	
  July	
  3rd,	
  272	
  par.cipants	
  
•  Core	
  team:	
  Lenny	
  Rivkin,	
  Nadia	
  Pastrone,	
  Daniel	
  Schulte	
  (ad	
  interim	
  study	
  

leader)	
  
	
  
CERN	
  will	
  ini.ally	
  host	
  the	
  study	
  and	
  preparing	
  a	
  Memorandum	
  of	
  Understanding	
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Muon	
  Collider	
  Collabora.on:	
  Objec.ve	
  and	
  Scope	
  

Objec.ve:	
  
In	
  .me	
  for	
  the	
  next	
  European	
  Strategy	
  for	
  Par.cle	
  Physics	
  Update,	
  the	
  study	
  
aims	
  to	
  establish	
  whether	
  the	
  investment	
  into	
  a	
  full	
  CDR	
  and	
  a	
  demonstrator	
  
is	
  scien.fically	
  jus.fied.	
  
It	
  will	
  provide	
  a	
  baseline	
  concept,	
  well-­‐supported	
  performance	
  expecta.ons	
  
and	
  assess	
  the	
  associated	
  key	
  risks	
  as	
  well	
  as	
  cost	
  and	
  power	
  consump.on	
  
drivers.	
  It	
  will	
  also	
  iden.fy	
  an	
  R&D	
  path	
  to	
  demonstrate	
  the	
  feasibility	
  of	
  the	
  
collider.	
  	
  
	
  
Deliverable:	
  
Report	
  assessing	
  muon	
  collider	
  poten.al	
  and	
  describing	
  R&D	
  path	
  to	
  CDR	
  
	
  
Scope:	
  
•  Focus	
  on	
  two	
  energy	
  ranges:	
  

–  3	
  TeV,	
  if	
  possible	
  with	
  technology	
  ready	
  for	
  construc.on	
  in	
  10-­‐20	
  
years	
  

–  10+	
  TeV,	
  with	
  more	
  advanced	
  technology	
  
•  Explore	
  synergy	
  with	
  other	
  op.ons	
  (neutrino/higgs	
  factory)	
  
•  Define	
  R&D	
  path	
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Memorandum	
  of	
  Understanding	
  
Basically	
  ready,	
  wai.ng	
  for	
  final	
  approval	
  of	
  DG	
  
	
  
CERN	
  is	
  ini.ally	
  hos.ng	
  the	
  study	
  
	
  
•  Interna.onal	
  collabora.on	
  board	
  (ICB)	
  represen.ng	
  all	
  partners	
  

–  elect	
  chair	
  and	
  study	
  leader	
  
–  can	
  invite	
  other	
  partners	
  to	
  discuss	
  but	
  not	
  vote	
  (to	
  include	
  
ins.tutes	
  that	
  cannot	
  sign	
  yet)	
  

•  Study	
  leader	
  
•  Advisory	
  commiaee	
  repor.ng	
  to	
  ICB	
  

Addenda	
  to	
  describe	
  actual	
  contribu.on	
  of	
  partners	
  
	
  
Aim	
  to	
  send	
  out	
  MoU	
  next	
  week	
  
Need	
  .me	
  for	
  partners	
  to	
  check	
  
First	
  mee.ng	
  early	
  next	
  year	
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Overall	
  Context	
  
Two	
  main	
  strategic	
  processes	
  are	
  ongoing	
  
•  Defini.on	
  of	
  European	
  Accelerator	
  R&D	
  Roadmap	
  by	
  LDG	
  

–  Define	
  scope	
  of	
  muon	
  collider	
  study	
  un.l	
  September	
  2021	
  
•  Snowmass/P5	
  process	
  in	
  the	
  US	
  

–  Input	
  un.l	
  June	
  2021,	
  decisions	
  in	
  2022	
  
•  will	
  have	
  to	
  prepare	
  white	
  papers	
  

–  Submiaed	
  several	
  Leaers	
  Of	
  Interest	
  from	
  the	
  collabora.on:	
  

–  In	
  addi.on,	
  others	
  refer	
  to	
  the	
  muon	
  collider,	
  e.g.	
  technologies,	
  physics,	
  …	
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Interna.onal	
  Muon	
  Collider	
  Collabora.on	
  (corresponding	
  author:	
  D.	
  Schulte)	
  
Muon	
  Collider	
  Facility	
  (c.a.:	
  D.	
  Schulte)	
  
Muon	
  Collider	
  Physics	
  Poten.al	
  (c.a.:	
  A.	
  Wulzer)	
  
Machine	
  Detector	
  Interface	
  Studies	
  at	
  a	
  Muon	
  Collider	
  (c.a.:	
  D.	
  Lucchesi)	
  
Muon	
  Collider	
  experiment:	
  requirements	
  for	
  new	
  detector	
  R&D	
  and	
  reconstruc.on	
  tools	
  
(c.a.:	
  N.Pastrone)	
  
A	
  Proton-­‐Based	
  Muon	
  Source	
  for	
  a	
  Collider	
  at	
  CERN	
  (c.a.:	
  Chr.	
  Rogers)	
  
Issues	
  and	
  Mi.ga.ons	
  for	
  Advanced	
  Muon	
  Ioniza.on	
  Cooling	
  (c.a.:	
  Chr.	
  Rogers)	
  
LEMMA:	
  a	
  positron	
  driven	
  muon	
  source	
  for	
  a	
  muon	
  collider	
  (c.a.:	
  M.E.	
  Biagini)	
  
Applica.ons	
  of	
  Ver.cal	
  Excursion	
  FFAs(vFFA)and	
  Novel	
  Op.cs	
  (c.a.:	
  Sh.	
  Machida)	
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  Design	
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  to	
  decide	
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Cost	
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  known	
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  to	
  commit	
  
Cost	
  know	
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  to	
  construct	
  
	
  
	
  

Baseline	
  design	
   Design	
  op.misa.on	
   Project	
  prepara.on	
  

Design	
  /	
  models	
   Prototypes	
  /	
  t.	
  f.	
  comp.	
  	
  

Approve	
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  /	
  pre-­‐series	
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  Timeline	
  

Technically	
  limited	
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ECFA	
  Mee.ng	
  20/11/2020	
   D.	
  Schulte:	
  Muon	
  Collider	
  Collabora.on	
   6	
  



Tenta.ve	
  Roadmap	
  

7	
  

Exploratory	
  Phase	
   Defini.on	
  Phase	
  

1	
   2	
   3	
   4	
   1	
   2	
   3	
   4	
   1	
   2	
   3	
   4	
   1	
   2	
   3	
   4	
   1	
   2	
   3	
   4	
  4	
  

Explore	
  design	
  
•  Iden.fy	
  cri.cal	
  issues	
  
•  Explore	
  and	
  priori.se	
  issues	
  
•  Make	
  design	
  choices	
  
•  Define	
  realis.c	
  goals	
  

Define	
  design	
  
•  Address	
  feasibility	
  issues	
  
•  Develop	
  design,	
  refine	
  choices	
  
•  Develop	
  R&D	
  programme	
  to	
  

demonstrate	
  performances	
  

Ini.al	
  list	
  ready	
  

Priori.sed	
  list	
  ready	
  

Work	
  

Work	
  

Tenta.ve	
  list	
  

Go	
  through	
  full	
  collider	
  to	
  complete	
  
and	
  update	
  tenta.ve	
  list	
  	
  

Study	
  the	
  most	
  cri.cal	
  issues	
  from	
  
ini.al	
  list	
  to	
  find	
  solu.ons,	
  further	
  
refine	
  understanding,	
  iterate	
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Interim	
  R&D	
  Advisory	
  Panel	
  (IRAP)	
  
The	
  IRAP	
  will	
  work	
  during	
  the	
  ini.al	
  phase	
  of	
  the	
  study,	
  mostly	
  in	
  four	
  subgroups:	
  
Physics	
  Poten.al,	
  Detector	
  and	
  Machine	
  Interface,	
  Accelerator	
  Complex	
  and	
  
Technologies.	
  To	
  guide	
  the	
  R&D	
  programme,	
  the	
  mandate	
  of	
  the	
  IREP	
  is	
  for	
  the	
  
physics	
  and	
  detector	
  study	
  to	
  
•  Assess	
  the	
  physics	
  poten.al	
  and	
  establish	
  a	
  priori.zed	
  list	
  of	
  studies	
  to	
  be	
  

performed	
  
•  Propose	
  ini.al	
  detector	
  performance	
  specifica.ons	
  based	
  on	
  physics	
  needs	
  and	
  

technological	
  capabili.es	
  
•  Establish	
  a	
  list	
  of	
  cri.cal	
  issues	
  for	
  the	
  detector	
  
•  Suggest	
  ini.al	
  priori.es	
  and	
  study	
  scope	
  for	
  the	
  iden.fied	
  cri.cal	
  issues	
  
And	
  for	
  the	
  accelerator	
  complex	
  study	
  to	
  
•  Propose	
  ini.al	
  accelerator	
  complex	
  performance	
  specifica.ons,	
  
•  Establish	
  a	
  list	
  of	
  cri.cal	
  issues	
  for	
  the	
  accelerator	
  complex,	
  
•  Suggest	
  ini.al	
  priori.es	
  for	
  the	
  iden.fied	
  cri.cal	
  issues	
  and	
  propose	
  the	
  scope	
  of	
  

the	
  work	
  on	
  the	
  most	
  cri.cal	
  issues.	
  
•  Before	
  mid	
  2021	
  it	
  shall	
  deliver	
  a	
  report	
  on	
  the	
  ini.al	
  cri.cal	
  R&D	
  list.	
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Has	
  been	
  delayed	
  while	
  Roadmap	
  Group	
  and	
  Mandate	
  are	
  defined	
  by	
  LDG	
  to	
  
coordinate	
  overlapping	
  mandates	
  



Exploratory	
  Phase	
  –	
  Key	
  Topics	
  
•  Physics	
  poten.al	
  evalua.on	
  

•  Impact	
  on	
  the	
  environment	
  
–  The	
  neutrino	
  radia.on	
  and	
  its	
  impact	
  on	
  the	
  site.	
  This	
  is	
  known	
  to	
  

require	
  mi.ga.on	
  strategies	
  for	
  the	
  highest	
  energies.	
  
–  Power	
  consump.on	
  (accelera.ng	
  RF,	
  magnet	
  systems,	
  cooling)	
  

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

•  High-­‐energy	
  systems	
  that	
  might	
  limit	
  energy	
  reach	
  or	
  performance	
  
–  Accelera.on	
  systems,	
  beam	
  quality	
  preserva.on,	
  final	
  focus	
  

•  High-­‐quality	
  beam	
  produc.on,	
  preserva.on	
  and	
  use	
  
–  Target	
  and	
  target	
  area	
  
–  Cooling,	
  in	
  par.cular	
  final	
  cooling	
  stage	
  that	
  does	
  not	
  yet	
  reach	
  goal	
  
–  Proton	
  complex	
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Comment	
  on	
  Resources	
  
MUST	
  in	
  IFAST	
  (WP	
  5.1,	
  N.	
  Pastrone)	
  
•  	
  INFN,	
  CERN,	
  CEA,	
  CNRS,	
  KIT,	
  PSI,	
  UKRI,	
  300	
  kEUR	
  request	
  from	
  EU	
  
aMUSE	
  contains	
  relevant	
  workpackages	
  “Muon	
  beams”	
  and	
  “Tools”	
  (D.	
  Lucchesi)	
  
•  uniPD,	
  LIP,	
  INFN,	
  PSI,	
  HZDR,	
  Mainz,	
  UniRM,	
  TUD,	
  Krakow,	
  BNL,	
  FNAL,	
  

integrated	
  117	
  pm	
  over	
  4	
  years	
  	
  
Proposal	
  to	
  BMBF	
  for	
  funding	
  of	
  magnet	
  and	
  RF	
  work	
  (T.	
  Arnd,	
  U.	
  van	
  Rienen)	
  
•  KTI,	
  Darmstadt	
  University,	
  Rostock	
  University	
  (9	
  py	
  total)	
  
JAI	
  students	
  worked	
  on	
  rapid	
  cycling	
  synchrotron	
  as	
  project	
  (E.	
  Tsesmelis)	
  
Medium	
  term	
  plan	
  at	
  CERN	
  has	
  dedicated	
  budget	
  line	
  
•  Per	
  year	
  5	
  FTE	
  staff,	
  6	
  fellows,	
  4	
  students,	
  1	
  associate,	
  5	
  x	
  2	
  MCHF	
  

Interest	
  expressed	
  in	
  many	
  ins.tutes	
  
•  CEA,	
  CNRS	
  (IJClab),	
  INFN,	
  University	
  of	
  Chicago,	
  IFIC,	
  Jefferson	
  Lab,	
  Spanish	
  

Network,	
  KIT,	
  Darmstadt	
  University,	
  University	
  of	
  Rostock,	
  Helmholz-­‐Zentrum	
  
Dresden-­‐Rossendorf,	
  Sofia	
  University,	
  Lund	
  University,	
  Uppsala	
  University,	
  
Oslo	
  University,	
  LBL,	
  EPSL,	
  PSI,	
  ESS,	
  University	
  of	
  Mississippi,	
  NIKHEF,	
  HEPHY,	
  
FNAL,	
  SLAC,	
  …	
  

	
  
Actual	
  work	
  already	
  ongoing	
  (mainly	
  volunteers)	
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Key	
  Ini.al	
  Steps	
  
Define	
  tenta.ve	
  collider	
  energy	
  and	
  luminosity	
  goals	
  
	
  
Define	
  tenta.ve	
  detector	
  performance	
  specifica.ons	
  to	
  be	
  able	
  
to	
  launch	
  physics	
  poten.al	
  studies	
  
	
  
Start	
  verifica.on	
  of	
  detector	
  performance	
  
•  beam-­‐induced	
  background	
  condi.ons	
  
•  technologies	
  

Start	
  verifica.on	
  of	
  accelerator	
  performance,	
  affordability	
  and	
  
si.ng	
  
•  also	
  es.mate	
  (and	
  mi.gate	
  if	
  possible)	
  beam-­‐induced	
  

background	
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Luminosity	
  Goals	
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Tenta.ve	
  target	
  parameters	
  
Scaled	
  from	
  MAP	
  parameters	
  

Parameter	
   Unit	
   3	
  TeV	
   10	
  TeV	
   14	
  TeV	
  

L	
   1034	
  cm-­‐2s-­‐1	
   1.8	
   20	
   40	
  

N	
   1012	
   2.2	
   1.8	
   1.8	
  

fr	
   Hz	
   5	
   5	
   5	
  

Pbeam	
   MW	
   5.3	
   14.4	
   20	
  

C	
   km	
   4.5	
   10	
   14	
  

<B>	
   T	
   7	
   10.5	
   10.5	
  

εL	
   MeV	
  m	
   7.5	
   7.5	
   7.5	
  

σE	
  /	
  E	
   %	
   0.1	
   0.1	
   0.1	
  

σz	
   mm	
   5	
   1.5	
   1.07	
  

β	
   mm	
   5	
   1.5	
   1.07	
  

ε	
   μm	
   25	
   25	
   25	
  

σx,y	
   μm	
   3.0	
   0.9	
   0.63	
  

Target	
  integrated	
  luminosi.es	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Reasonably	
  conserva.ve	
  
•  each	
  point	
  in	
  5	
  years	
  with	
  

tenta.ve	
  target	
  parameters	
  
•  FCC-­‐hh	
  to	
  operate	
  for	
  25	
  years	
  
•  Aim	
  to	
  have	
  two	
  detectors	
  
•  But	
  might	
  need	
  some	
  

opera.onal	
  margins	
  

Note:	
  focus	
  on	
  3	
  and	
  10	
  TeV	
  
Have	
  to	
  define	
  staging	
  strategy	
  



Tenta.ve	
  Detector	
  Performance	
  Specifica.on	
  
10+	
  TeV	
  collider	
  enters	
  uncharted	
  territory	
  
Need	
  to	
  establish	
  physics	
  case	
  and	
  detector	
  feasibility	
  
	
  
Established	
  tentaHve	
  detector	
  performance	
  specificaHons	
  in	
  form	
  of	
  
DELPHES	
  card	
  (thanks	
  to	
  M.	
  Selvaggi,	
  Werner	
  Riegler,	
  Ulrike	
  Schnoor,	
  
A.	
  Sailer,	
  D.	
  Lucchesi,	
  N.	
  Pastrone	
  M.	
  Pierini,	
  F.	
  Maltoni,	
  A.	
  Wulzer	
  et	
  
al.),	
  based	
  on	
  FCC-­‐hh	
  and	
  CLIC	
  performances,	
  including	
  masks	
  against	
  
beam	
  induced	
  background	
  (BIB)	
  
•  For	
  use	
  by	
  physics	
  poten.al	
  studies	
  

–  Are	
  the	
  performances	
  sufficient	
  or	
  too	
  good?	
  
•  For	
  detector	
  studies	
  to	
  work	
  towards	
  

–  make	
  sure	
  technologies	
  are	
  reasonable	
  
–  ensure	
  background	
  is	
  OK	
  

•  Please	
  find	
  the	
  card	
  here:	
  haps://muoncollider.web.cern.ch/node/
14	
  

Detector	
  simula.on	
  studies/design	
  will	
  now	
  have	
  to	
  verify/ensure	
  that	
  
this	
  is	
  realis.c	
  considering	
  background	
  and	
  technologies	
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Note:	
  Delphes	
  Simula.on	
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Delphes	
  is	
  a	
  modular	
  framework	
  that	
  simulates	
  the	
  response	
  of	
  a	
  mulHpurpose	
  
detector	
  in	
  a	
  parameterised	
  way	
  

•  allows	
  to	
  easily	
  scan	
  key	
  detector	
  parameters	
  
•  perform	
  preliminary	
  key	
  physics	
  benchmark	
  studies	
  

M.	
  Selvaggi	
  

Muon	
  Collider	
  aims	
  at	
  reconstruc.ng	
  physics	
  object	
  momenta	
  up	
  to	
  15	
  TeV	
  
•  Baseline	
  concept	
  is	
  hybrid	
  between	
  FCC-­‐hh	
  and	
  CLIC	
  

Jets	
  resolu.on	
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Direct search of 
heavy particles


SUSY-inspired, WIMP, 
VBF production, 2->1


High energy 
measurements 


difermion, diboson, EFT, 
Higgs compositeness 


High rate Higgs 
production 

Higgs single and self-
couplings, rare Higgs 
decays, exotic decays


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


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


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


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


Our plans for Snowmass21:

 https://indico.cern.ch/event/944012/contributions/3989516/attachments/2091456/3518021/Physics_SnowMass_LoI.pdf


A.	
  Wulzer	
  et	
  al.	
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And we are not alone


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


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


A.	
  Wulzer	
  et	
  al.	
  



Few Preliminary Results


Scalar Singlet

WIMP DM 


[arXiv:2009.11287]


= FCC-hh reach


Higgs 3-linear coupling: δκλ=(5%, 3.8%, 1.6%) for E = (10, 14, 30) TeV 

[2008.12204; 2005.10289; Buttazzo, Franceschini, Wulzer, to appear]


[FCC reach is from 3.5 to 8.1% depending on systematics assumptions]


Higgs compositeness scale: (38, 53, 115) TeV for E = (10, 14, 30) TeV 

[Buttazzo, Franceschini, Wulzer, to appear]


[other F.C.: from 20 to 40 TeV depending on model]


A.	
  Wulzer	
  et	
  al.	
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Detector	
  Studies	
  
Verify/ensure	
  that	
  target	
  performance	
  can	
  be	
  reached	
  
	
  
Detector	
  simula.on	
  infrastructure	
  is	
  mostly	
  in	
  place	
  (D.	
  
Lucchesi	
  et	
  al.,	
  S.	
  Jindariani	
  et	
  al.)	
  
	
  
Background	
  data	
  for	
  125	
  GeV	
  and	
  1.5	
  TeV	
  available,	
  hope	
  to	
  
have	
  3	
  TeV	
  in	
  .me	
  for	
  Snowmass	
  
	
  
Are	
  working	
  to	
  develop	
  higher	
  energy	
  layce	
  but	
  will	
  take	
  .me	
  
	
  
Try	
  to	
  characterise	
  background	
  to	
  iden.fy	
  mi.ga.on	
  strategy	
  
	
  
Consider	
  snapshot	
  DELPHES	
  card	
  for	
  CLIC-­‐like	
  detector	
  and	
  
reconstruc.on	
  to	
  see	
  how	
  far	
  we	
  have	
  to	
  go	
  to	
  reach	
  
tenta.ve	
  performance	
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Detector	
  Simula.ons	
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BIB	
  available	
  for	
  √⁠𝑠 =1.5	
  TeV	
  and	
  √⁠𝑠 =125	
  GeV	
  
Prepare	
  a	
  new	
  tool	
  based	
  on	
  Fluka	
  to	
  generate	
  new	
  BIB:	
  
•  at	
  different	
  √⁠𝑠 	
  	
  
•  Modifying	
  the	
  detector	
  and	
  the	
  interac.on	
  region	
  

   The open midplane design for the dipoles provides for 
their safe operation. The peak power density in the IR 
dipoles is about 2.5 mW/g, being safely below the quench 
limit for the Nb3Sn superconductor-based coils at the 1.9-
K operation temperature. At this temperature, first four 
quadrupoles are operationally stable, while the level in the 
next three IR quadrupoles is 5 to 10 times above the limit. 
This heat load could be reduced by a tungsten liner in the 
magnet aperture. 

 
 

Figure 5: Power density (absorbed dose) profiles in the 
first IR dipole. 

MDI AND DETECTOR BACKGROUNDS 
   In the IR design assumed, the dipoles close to the IP and 
tungsten masks in each interconnect region (needed to 
protect magnets) help reduce background particle fluxes 
in the detector by a substantial factor. The tungsten 
nozzles in the 6 to 600 cm region from the IP (as 
proposed in the very early days of MC [8] and optimized 
later [1,3]), assisted by the detector solenoid field, trap 
most of the decay electrons created close to the IP as well 
as most of incoherent e+e- pairs generated in the IP. With 
sophisticated tungsten, iron, concrete and borated 
polyethylene shielding in the MDI region, total reduction 
of background loads by more than three orders of 
magnitude is obrained. 
   Fig. 6 shows muon flux isocontours in the MC IR. Note 
that the cut-off energy in the tunnel concrete walls and 
soil outside is position-dependent and can be as high as a 
few GeV at 50-100 m from the IP compared to 0.2 MeV 
close to the IP. These muons – with energies of tens to 
hundreds of GeV - illuminate the entire detector. They are 
produced by energetic photons from electromagnetic 
showers generated by decay electrons in the lattice 
components. The neutron isofluences inside the detector 

are shown in Fig. 7. The maximum neutron fluence and 
absorbed doses in the innermost layer of the silicon 
tracker for a one-year operation are at a 10% level of that 
in the LHC detectors at the nominal luminosity. More 
work is needed to further suppress the very high fluences 
of photons and electrons in the tracker and calorimeter 
which exceed those at proton colliders. 
 

 
Figure 6: Muon isoflux distribution in IR. 

 

 
Figure 7: Neutron isofluence distribution in the detector 

per bunch crossing. 
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Findings from 1994-2011 Studies on 1.5-TeV MC

Snowmass Planning Meeting       Nikolai Mokhov  |  MDI at Muon Colliders6 10/6/2020

• High-field SC dipoles in IR and a dipole component in
IR quads, along with tungsten liners inside magnets
and masks in interconnect regions, provide substantial
reduction of backgrounds.

• W-nozzles, starting a few centimeters from IP with±20-
deg outer angle, are a very effective way (~1/500) of
further background suppression [WF & NM (1994)].
These nozzles can also fully confine incoherent pairs if
the magnetic field of the detector solenoid is > 3 T.

• With such an IR design, the major source of BIB in a
MC detector is muon decays in the IR itself, i.e. the
region confined to about±25 m from the IP.

• Time gates would allow substantial mitigation of
remaining background problem in a MC detector.

• There are ways to mitigate neutrino hazard!



Beam-­‐induced	
  Background	
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Muon Collider Preparatory Meeting - CERN, April 10, 2019M. Casarsa 6

Background composition

Contributions form μ decays outside the simulated range become quickly

negligible for all background species but Bethe-Heitler muons, whose range

of interest is ±100 m from IP. 

In our background sample, generate for |z| < 25 m, we are missing ~20% of 

Bethe-Heitler muons.  

750-GeV μ± beams

ECAL barrel  hit arrival time – t0  

ECAL barrel longitudinal coordinate  
Event Full Simulation ⇒ no issues 
Event track reconstruction:  
•  It takes a long time to do it with full BIB 
•  Reduce the combinatorial:  

•  cutting harder on timing  
•  exploit double layer to remove tracks not 

coming from primary interaction 
Jet Reconstruction: 
§  Subtract “average” BIB energy 
§  Optimize ParticleFlow algorithm 
Jet b-tag: to be optimized 

D.	
  Lucchesi	
  et	
  al.	
  



Detector	
  Technologies	
  

	
  

ECFA	
  Mee.ng	
  20/11/2020	
   D.	
  Schulte:	
  Muon	
  Collider	
  Collabora.on	
   22	
  

Will	
  rely	
  largely	
  on	
  European	
  Detector	
  R&D	
  Roadmap	
  
•  Will	
  provide	
  link	
  persons	
  to	
  relevant	
  working	
  groups	
  

	
  
	
  
Currently	
  consider	
  the	
  following	
  most	
  important	
  (N.	
  Pastrone)	
  
•  solid	
  state	
  tracking	
  
•  calorimetry	
  
•  emerging	
  technologies	
  
•  electronics	
  and	
  in	
  detector	
  processing	
  

Will	
  also	
  include	
  other	
  regions	
  
	
  
Physics	
  poten.al	
  studies	
  and	
  machine	
  background	
  studies	
  will	
  verify	
  if	
  
performances	
  similar	
  to	
  CLIC	
  and	
  FCC-­‐hh	
  are	
  sufficient	
  



Ongoing	
  Accelerator	
  Work	
  
Muon	
  collider	
  is	
  new	
  in	
  Europe	
  
•  Have	
  to	
  get	
  up	
  to	
  speed	
  

Together	
  with	
  US	
  colleges	
  are	
  star.ng	
  to	
  take	
  (shared)	
  ownership	
  of	
  design	
  
•  Detailed	
  presenta.ons	
  and	
  discussions	
  in	
  serious	
  of	
  Design	
  Mee.ngs	
  
•  Transfer	
  of	
  layce	
  decks	
  
•  As	
  new	
  partners	
  are	
  forming	
  own	
  opinions	
  
•  Iden.fying	
  issues	
  that	
  have	
  been	
  neglected	
  
•  Already	
  part	
  of	
  genera.ng	
  the	
  cri.cal	
  issues	
  list	
  
•  Understanding	
  the	
  challenges	
  and	
  the	
  resource	
  needs	
  

An	
  important	
  phase,	
  excellent	
  .me	
  to	
  iden.fied	
  overlooked	
  issues	
  because	
  of	
  
fresh	
  view	
  
	
  
Also	
  have	
  to	
  find	
  consensus	
  on	
  some.mes	
  diverging	
  opinions	
  or	
  define	
  way	
  
to	
  arrive	
  at	
  agreement	
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Muon	
  Collider	
  Baseline	
  Concept	
  

Proton	
  Driver	
  and	
  Front	
  End,	
  Cooling	
  and	
  First	
  part	
  of	
  
Accelera.on	
  have	
  same	
  challenge	
  level	
  as	
  in	
  MAP	
  
designs	
  
	
  
Final	
  cooling	
  misses	
  transverse	
  emiaance	
  target	
  by	
  
factor	
  2	
  
	
  
S.ll	
  a	
  challenging	
  design	
  with	
  challenging	
  components	
  
	
  
Started	
  to	
  review	
  to	
  complete	
  R&D	
  item	
  list	
  and	
  
prepare	
  priority	
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MAP	
  collabora.on	
  

Accelerator	
  ring,	
  collider	
  ring,	
  
interac.on	
  region,	
  MDI,	
  neutrino	
  
radia.on	
  become	
  more	
  
challenging	
  with	
  energy	
  
Also	
  will	
  drive	
  cost	
  and	
  power	
  
	
  
They	
  will	
  limit	
  energy	
  reach	
  
	
  
Challenging	
  design	
  with	
  
challenging	
  components	
  



Interac.on	
  Region	
  (IR)	
  

•  Typical	
  design	
  example	
  to	
  be	
  used	
  as	
  star.ng	
  point	
  for	
  our	
  design	
  
	
  6	
  TeV	
  design	
  by	
  M-­‐H.	
  Wang,	
  Y.	
  Nosochkov,	
  Y.	
  Cai	
  and	
  M.	
  Palmer	
  

Op.cs	
  from	
  the	
  IR	
  up	
  to	
  the	
  beginning	
  of	
  the	
  arc	
  

Doublet	
  for	
  
final	
  focus	
  

Bendings	
  close	
  to	
  
IP	
  for	
  dispersion	
  

“local”	
  correc.on	
  of	
  
ver.cal	
  chroma.city	
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Straight	
  for	
  RF,	
  
injec.on	
  …	
  

Octupoles	
  
and	
  local	
  correc.on	
  
of	
  hor.	
  chroma.city	
  

Matching	
  to	
  
(nega.ve	
  
momentum	
  
compac.on)	
  arc	
  

Chr.	
  Carli	
  

Very	
  challenging	
  design	
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Collider	
  Ring	
  
Challenging	
  opHcs	
  (short	
  bunch,	
  long	
  ring,	
  minimal	
  RF)	
  
Important	
  collecHve	
  effects	
  (beam-­‐beam	
  etc.)	
  
	
  
High-­‐field,	
  large	
  aperture	
  dipoles	
  to	
  minimise	
  collider	
  ring	
  size	
  and	
  maximise	
  
luminosity	
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V.V.	
  Kashikhin	
  et	
  al.	
  

Combined	
  func.on	
  magnet	
  design	
  
Combined	
  funcHon	
  magnets	
  replace	
  
quadrupoles	
  to	
  avoid	
  straights	
  
	
  
O(400	
  W/m)	
  beam	
  loss	
  
•  5	
  MW	
  total	
  at	
  10	
  TeV	
  
•  Need	
  to	
  shield	
  magnets	
  

•  MAP	
  at	
  3	
  TeV:	
  30-­‐50	
  mm	
  shielding	
  
•  Large	
  apertures	
  

•  MAP	
  at	
  3	
  TeV:	
  150	
  mm	
  

Will	
  consider	
  different	
  technology	
  op.ons	
  at	
  different	
  energies	
  (NbTi,	
  Nb3Sn,	
  HTS)	
  
Balance	
  performance,	
  cost	
  and	
  .mescale	
  



Muon	
  Accelera.on	
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Design	
  of	
  ini.al	
  
accelera.on	
  (A.	
  Bogacz)	
  
looks	
  very	
  solid	
  
	
  
Does	
  not	
  change	
  with	
  
collider	
  energy	
  
	
  
Main	
  ques.on	
  is	
  if	
  we	
  
can	
  further	
  op.mise	
  

Accelerator	
  ring	
  is	
  cost	
  driver	
  
	
  
Changes	
  with	
  collider	
  energy	
  
•  poten.al	
  energy	
  limit	
  
	
  
Two	
  op.ons	
  are	
  considered	
  (presented	
  by	
  
S.	
  Berg,	
  S.	
  Machida,	
  D.	
  Summers)	
  
•  RCS	
  (Rapid	
  Cycling	
  Synchrotron)	
  with	
  

fast-­‐ramping	
  magnets	
  
•  FFAG	
  with	
  sta.c	
  magnets	
  and	
  special	
  

op.cs	
  

OpHcs	
  design	
  (Interest:	
  RCS:	
  A.	
  Chance,	
  CEA,	
  FFAG:	
  S.	
  Machida,	
  Rutherford	
  Lab)	
  
	
  
Fast-­‐pulsing	
  magnets	
  (normal-­‐conduc.ng	
  or	
  HTS	
  (Interest:	
  L.	
  Rossi,	
  INFN))	
  
	
  
Efficient	
  energy	
  recovery	
  of	
  fast	
  pulsing	
  magnets	
  (Interest:	
  CERN)	
  
	
  
Efficient	
  superconducHng	
  RF	
  for	
  short,	
  intense	
  bunches	
  (Interest:	
  U.	
  van	
  Rienen,	
  Rostock,	
  A.	
  
Grudiev,	
  CERN)	
  



Muon	
  Cooling	
  

28	
  

For	
  accelera.on	
  to	
  NuMAX	
  (325MHz	
  
injector	
  acceptance	
  3mm,24mm)	
  

Ini.al	
  
Cooling	
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   D.	
  Schulte:	
  Muon	
  Collider	
  Collabora.on	
  

Presenta.ons:	
  Chr.	
  Rogers,	
  D.	
  Neuffer,	
  D.	
  Bowring,	
  P.	
  Jurj,	
  D.	
  
Summers	
  
	
  
6D	
  cooling	
  can	
  probably	
  be	
  beaer	
  than	
  foreseen	
  
•  Review	
  integra.on	
  aspects	
  (supercondcu.ng	
  magnet	
  coils	
  next	
  

to	
  normal-­‐conduc.ng	
  RF)	
  
•  Op.mise	
  the	
  design	
  
	
  

Final	
  cooling	
  misses	
  target	
  transverse	
  emiaance	
  by	
  factor	
  2	
  
•  Higher	
  field	
  solenoids	
  should	
  help	
  (>>	
  30	
  T),	
  KTI	
  proposal	
  to	
  BMFT	
  (T.	
  Arndt)	
  
•  Equilibrium	
  emiaance	
  propor.onal	
  to	
  1/B	
  
	
  
Chopping	
  and	
  recombining	
  bunch	
  as	
  alterna.ve	
  to	
  final	
  cooling	
  suggested	
  (D.	
  Summers)	
  
•  To	
  be	
  reviewed	
  
	
  
Experimentally	
  proven	
  RF	
  gradients	
  are	
  higher	
  than	
  in	
  design	
  
•  More	
  muons	
  will	
  survive	
  
•  Can	
  have	
  more	
  cooling	
  
•  Maybe	
  can	
  reuse	
  some	
  CLIC	
  drive	
  beam	
  hardware	
  for	
  tests	
  of	
  RF	
  



Proton	
  Complex	
  and	
  Front-­‐end	
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MAP	
  design	
  

Intense	
  proton	
  beam	
  is	
  challenging	
  
	
  
Need	
  to	
  make	
  choices	
  for	
  the	
  target	
  
	
  
Ambi.ous	
  high-­‐field	
  solenoid	
  
	
  
RadiaHon	
  in	
  magnet	
  

Downstream	
  radiaHon	
  from	
  MW	
  proton	
  beam	
  

Need	
  to	
  quan.fy	
  challenges	
  
	
  
Will	
  launch	
  ac.vity	
  soon	
  



Alterna.ve:	
  The	
  LEMMA	
  Scheme	
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45	
  GeV	
  positrons	
  to	
  produce	
  muon	
  
Accumulate	
  muons	
  from	
  several	
  passages	
  
	
  
Goal:	
  produce	
  low	
  emiaance	
  muon	
  
beam,	
  no	
  cooling	
  required	
  
	
  
Challenge	
  to	
  get	
  enough	
  charge	
  
into	
  the	
  bunch	
  

Less	
  mature	
  than	
  proton	
  
scheme	
  (less	
  resources)	
  
	
  
Progress	
  in	
  design	
  but	
  
no	
  parameter	
  set	
  for	
  
collider	
  

M.	
  Antonelli,	
  M.	
  Boscolo	
  et	
  al.	
  

Will	
  try	
  to	
  put	
  together	
  target	
  parameter	
  list	
  based	
  on	
  fundamental	
  limita.ons	
  
(e.g.	
  target	
  and	
  collider	
  ring)	
  to	
  iden.fy	
  poten.al	
  and	
  R&D	
  issues	
  



Neutrino	
  Radia.on	
  and	
  Site	
  Considera.ons	
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Neutrino	
  radia.on	
  from	
  collider	
  ring	
  is	
  key	
  for	
  site	
  and	
  layout	
  
•  At	
  3	
  TeV	
  40	
  m	
  deep	
  tunnel	
  arcs	
  stay	
  below	
  10%	
  of	
  legal	
  limit,	
  have	
  to	
  own	
  land	
  in	
  direc.on	
  

of	
  straights	
  
•  At	
  14	
  TeV	
  with	
  500	
  m	
  deep	
  tunnel	
  arc	
  stays	
  below	
  legal	
  limit	
  

Tenta.ve	
  considera.ons	
  on	
  reuse	
  of	
  LHC	
  tunnel:	
  
•  Too	
  long	
  for	
  3	
  TeV	
  collider	
  (need	
  4.5-­‐6	
  km)	
  
•  14	
  TeV	
  collider	
  ring	
  suffers	
  from	
  neutrino	
  

radia.on	
  
•  Use	
  for	
  3	
  TeV	
  accelerator	
  ring	
  appears	
  

possible	
  

Want	
  to	
  minimise	
  radia.on	
  as	
  much	
  as	
  possible	
  
CERN	
  civil	
  engineering	
  will	
  develop	
  tool	
  to	
  op.mise	
  orienta.on	
  of	
  collider	
  ring	
  (J.	
  Osborn)	
  
Discussion	
  started	
  with	
  neutrino	
  experts	
  on	
  poten.al	
  use	
  of	
  neutrinos	
  in	
  deirec.on	
  of	
  long	
  
straight	
  (A.	
  De	
  Roeck	
  et	
  al.)	
  
Development	
  of	
  layce	
  is	
  star.ng	
  
Discussion	
  with	
  HSE-­‐RS	
  (radia.on	
  safety)	
  started	
  
Consider	
  mi.ga.on	
  techniques,	
  even	
  challenging	
  ones	
  



Example	
  Neutrino	
  Radia.on	
  Mi.ga.on	
  
Mi.ga.on	
  by	
  varying	
  beam	
  orbit	
  in	
  collider	
  is	
  
limited	
  and	
  costly	
  (more	
  space	
  in	
  magnets	
  needed)	
  

.me	
  

Vary	
  
ver.cal	
  
beam	
  
angle	
  at	
  s1	
  
in	
  .me	
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Move	
  collider	
  ring	
  components,	
  e.g.	
  ver.cal	
  bending	
  with	
  1%	
  of	
  main	
  field	
  

Need	
  to	
  study	
  impact	
  on	
  beam	
  
and	
  opera.on,	
  e.g.	
  dispersion	
  
control	
  

15	
  cm	
  

~600	
  m	
   Opening	
  angle	
  ±	
  1	
  mradian	
  
	
  
O(100)	
  larger	
  than	
  decay	
  cone	
  
⇒ gain	
  O(100)	
  in	
  radia.on	
  

In	
  straights,	
  addi.onal	
  
improvement	
  in	
  horizontal	
  

32	
  

t1	
  

t2	
  

Relevant	
  length	
  of	
  arc	
  at	
  s1	
  is	
  O(10	
  cm)	
  

s1	
  
neutrinos	
  



Demonstrator	
  and	
  Neutrinos	
  
Need	
  to	
  develop	
  R&D	
  programme	
  
for	
  implementa.on	
  aIer	
  next	
  ESU	
  
	
  
Key	
  will	
  be	
  demonstrator	
  facility	
  
to	
  produce	
  useful	
  muon	
  beam	
  
	
  
Risk	
  not	
  being	
  that	
  cheap	
  
	
  
Can	
  this	
  be	
  combined	
  with	
  a	
  
neutrino	
  facility	
  such	
  as	
  
NuSTORM?	
  
	
  
	
  

D.	
  Schulte	
   Muon	
  Collider	
  Facility	
  Design,	
  CERN,	
  July	
  3,	
  
2020	
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Also	
  explore	
  if	
  the	
  neutrinos	
  from	
  the	
  straights	
  of	
  the	
  collider	
  could	
  be	
  used	
  for	
  physics	
  
First	
  sugges.on	
  (A.	
  De	
  Roeck,	
  E.	
  Tsesmelis)	
  
Deep-­‐sea	
  installa.ons	
  in	
  Mediterranean	
  (KM3NeT-­‐Fr,	
  KM3NeT-­‐It,	
  	
  KM3NeT-­‐Gr)	
  
But	
  could	
  be	
  too	
  deep,	
  maybe	
  interes.ng	
  for	
  test	
  facility	
  
	
  
Ideas	
  are	
  very	
  welcome	
  

Will	
  explore	
  synergies	
  	
  	
  



Conclusion	
  
Started	
  to	
  address	
  the	
  R&D	
  on	
  muon	
  collider	
  as	
  requested	
  by	
  European	
  Strategy	
  
	
  
Formal	
  collabora.on	
  at	
  any	
  moment	
  
	
  
Actual	
  work	
  started	
  with	
  mee.ngs	
  on	
  design	
  and	
  specialised	
  topics	
  
•  Accelerator	
  design	
  
•  Physics	
  and	
  detectors	
  
Topical	
  mee.ngs	
  
•  Physics	
  poten.al,	
  Detector	
  simula.ons,	
  Muon	
  cooling	
  
	
  
Will	
  have	
  project	
  mee.ng	
  with	
  everyone	
  
•  Every	
  few	
  months,	
  half	
  day	
  long	
  
	
  
Web	
  page:	
  hap://muoncollider.web.cern.ch	
  
•  Find	
  mee.ng	
  link	
  in	
  menu	
  “Organisa.on”	
  
Mailing	
  lists:	
  MUONCOLLIDER_DETECTOR_PHYSICS@cern.ch,	
  
MUONCOLLIDER_FACILITY@cern.ch	
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Many	
  thanks	
  to	
  all	
  that	
  contributed	
  
MAP	
  collabora.on,	
  M	
  .	
  Palmer	
  
MICE	
  collabora.on	
  
LEMMA	
  team	
  
Muon	
  collider	
  working	
  group	
  
European	
  Strategy	
  Update	
  
LDG	
  
…	
  



Reserve	
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Cri.cal	
  Issues	
  Include:	
  
•  Advanced	
  detector	
  concepts	
  and	
  technologies,	
  requiring	
  excellent	
  .ming,	
  granularity	
  and	
  

resolu.on,	
  able	
  to	
  reject	
  the	
  background	
  induced	
  by	
  the	
  muon	
  beams.	
  
•  Advanced	
  accelerator	
  design	
  and	
  beam	
  dynamics	
  for	
  high	
  luminosity	
  and	
  power	
  efficiency.	
  
•  Robust	
  targets	
  and	
  shielding	
  for	
  muon	
  produc.on	
  and	
  cooling	
  as	
  well	
  as	
  collider	
  and	
  

detector	
  component	
  shielding	
  and	
  possibly	
  beam	
  collima.on.	
  
•  High	
  field,	
  robust	
  and	
  cost-­‐effecHve	
  superconducHng	
  magnets	
  for	
  the	
  muon	
  produc.on,	
  

cooling,	
  accelera.on	
  and	
  collision.	
  High-­‐temperature	
  super-­‐conductors	
  would	
  be	
  an	
  ideal	
  
op.on.	
  

•  High-­‐gradient	
  and	
  robust	
  normal-­‐conducHng	
  RF	
  to	
  minimise	
  muon	
  losses	
  during	
  cooling.	
  
•  High	
  rate	
  positron	
  producHon	
  source	
  and	
  high	
  current	
  positron	
  ring	
  (LEMMA).	
  
•  Fast	
  ramping	
  normal-­‐conducHng,	
  superferric	
  or	
  superconducHng	
  magnets	
  that	
  can	
  be	
  used	
  

in	
  a	
  rapid	
  cycling	
  synchrotron	
  to	
  accelerate	
  the	
  muons	
  and	
  efficient	
  power	
  converters.	
  
•  Efficient,	
  high-­‐gradient	
  superconducHng	
  RF	
  to	
  minimise	
  power	
  consump.on	
  and	
  muon	
  

losses	
  during	
  accelera.on.	
  
•  Efficient	
  cryogenics	
  systems	
  to	
  minimise	
  the	
  power	
  consump.on	
  of	
  the	
  superconduc.ng	
  

components	
  and	
  minimise	
  the	
  impact	
  of	
  beam	
  losses.	
  
•  Other	
  accelerator	
  technologies	
  including	
  high-­‐performance,	
  compact	
  vacuum	
  systems	
  to	
  

minimise	
  magnet	
  aperture	
  and	
  cost	
  as	
  well	
  as	
  fast,	
  robust,	
  high-­‐resoluHon	
  instrumentaHon.	
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Comparison	
  MAP	
  vs.	
  CLIC	
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In	
  linear	
  collider,	
  the	
  luminosity	
  
per	
  beam	
  power	
  is	
  about	
  constant	
  
	
  
In	
  muon	
  collider,	
  luminosity	
  can	
  
increase	
  linearly	
  with	
  energy	
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A	
  linear	
  collider	
  is	
  single-­‐pass	
  so	
  
need	
  full	
  voltage	
  in	
  main	
  linac	
  
	
  
Muon	
  collider	
  is	
  mul.-­‐pass	
  so	
  have	
  
lower	
  voltage	
  
	
  
But	
  have	
  to	
  carefully	
  verify	
  this	
  

Overall	
  muon	
  colliders	
  have	
  the	
  poten.al	
  for	
  high	
  energies	
  
	
  
May	
  overcome	
  the	
  energy	
  limita.ons	
  of	
  linear	
  colliders	
  
	
  
The	
  working	
  group	
  concluded	
  that	
  an	
  InternaHonal	
  collaboraHon	
  should	
  be	
  formed	
  to	
  
study	
  the	
  muon	
  collider	
  



Source	
  

What	
  could	
  be	
  made	
  available	
  at	
  
CERN	
  (or	
  elsewhere)	
  as	
  a	
  proton	
  
driver	
  for	
  a	
  poten.al	
  test	
  facility?	
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Target	
  has	
  to	
  withstand	
  strong	
  shock	
  
•  liquid	
  mercury	
  target	
  successfully	
  tested	
  at	
  CERN	
  (MERIT)	
  
•  but	
  solid	
  target	
  beaer	
  for	
  safety	
  
•  or	
  beads	
  
•  or	
  …	
  

Important	
  power	
  of	
  proton	
  driver	
  O(MW)	
  
need	
  to	
  take	
  care	
  of	
  debris	
  for	
  downstream	
  systems	
  
need	
  to	
  cool	
  	
  

MAP	
  design	
  

Intense	
  proton	
  beam	
  is	
  
challenging	
  
	
  
Need	
  to	
  make	
  choices	
  
for	
  the	
  target	
  
	
  
AmbiHous	
  high-­‐field	
  
solenoid	
  



Cooling	
  Concept	
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energy loss re-acceleration

MAP	
  collabora.on	
  

Superconduc.ng	
  solenoids	
  
	
  
High-­‐field	
  normal	
  conduc.ng	
  RF	
  
	
  
Liquid	
  hydrogen	
  targets	
  
	
  
Compact	
  design	
  

See	
  previous	
  presenta.on	
  by	
  J.	
  Pasternak	
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Transverse	
  Emiaance	
  (microns)	
  

Lo
ng
itu

di
na
l	
  E
m
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  (m

m
)	
  

Bunch	
  
Merge	
  

For	
  accelera.on	
  to	
  
mul.-­‐TeV	
  collider	
  

Final	
  
Cooling	
   post-­‐merge	
  

6D	
  Cooling	
  

For	
  accelera.on	
  to	
  NuMAX	
  (325MHz	
  
injector	
  acceptance	
  3mm,24mm)	
  

Ini.al	
  
Cooling	
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Target	
  

Phase	
  
Rotator	
  

Fr
on

t	
  E
nd

	
  

� 
� 
�	
  

pre-­‐merge	
  
6D	
  Cooling	
  (original	
  

design)	
  

Exit	
  Front	
  End	
  
(15mm,45mm)	
  

SpecificaHon	
  

For	
  accelera.on	
  
to	
  Higgs	
  Factory	
  

MAP	
  collabora.on	
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Transverse	
  Emiaance	
  (microns)	
  

Lo
ng
itu
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  E
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m
)	
  

Bunch	
  
Merge	
  

For	
  accelera.on	
  
to	
  Higgs	
  Factory	
  

For	
  accelera.on	
  to	
  
mul.-­‐TeV	
  collider	
  

Final	
  
Cooling	
   post-­‐merge	
  

6D	
  Cooling	
  

For	
  accelera.on	
  to	
  NuMAX	
  (325MHz	
  
injector	
  acceptance	
  3mm,24mm)	
  

Ini.al	
  
Cooling	
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Target	
  

Phase	
  
Rotator	
  

Fr
on

t	
  E
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� 
� 
�	
  

pre-­‐merge	
  
6D	
  Cooling	
  (original	
  

design)	
  

Exit	
  Front	
  End	
  
(15mm,45mm)	
  

IniHal	
  
	
  (X)	
  

IniHal	
  
	
  (Y)	
  

VCC	
  &	
  
Hybrid	
  

HCC	
  

Final	
  

SpecificaHon	
   	
  Achieved	
  (simulaHons)	
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Transverse	
  Emiaance	
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For	
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to	
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  to	
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  collider	
  

Final	
  
Cooling	
   post-­‐merge	
  

6D	
  Cooling	
  

For	
  accelera.on	
  to	
  NuMAX	
  (325MHz	
  
injector	
  acceptance	
  3mm,24mm)	
  

Ini.al	
  
Cooling	
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Several	
  ideas	
  to	
  improve	
  final	
  cooling	
  
Need	
  to	
  work	
  out	
  the	
  solu.on	
  
•  Highest	
  field	
  HTS	
  helps	
  
•  Phase	
  space	
  manipula.ons	
  of	
  beam	
  

Maybe	
  can	
  improve	
  this	
  

MAP	
  collabora.on	
  



High-­‐energy	
  Accelera.on	
  
Rapid	
  cycling	
  synchrotron	
  (RCS)	
  
•  Inject	
  beam	
  at	
  low	
  energy	
  and	
  ramp	
  

magnets	
  to	
  follow	
  beam	
  energy	
  
•  Could	
  use	
  combina.on	
  of	
  sta.c	
  

superconduc.ng	
  and	
  ramping	
  normal-­‐
conduc.ng	
  magnets	
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Fast-­‐pulsing	
  magnets	
  (O(ms)	
  ramps))	
  
Field	
  defines	
  size	
  of	
  accelerator	
  ring	
  
•  normal-­‐conduc.ng	
  
•  HTS	
  is	
  interes.ng	
  

Important	
  energy	
  in	
  fast	
  pulsing	
  magnets	
  
•  O(200	
  MJ)	
  @	
  14	
  TeV	
  
•  need	
  very	
  efficient	
  energy	
  recovery	
  

Injection

Extraction

superconducting
        dipole

fast-ramping
     dipole

fast-ramping
     dipole

B

B

0 T

0 T

average field

average field

local field

RF	
  challenge:	
  
High	
  efficiency	
  for	
  power	
  consump.on	
  
High-­‐charge,	
  single-­‐bunch	
  beam	
  (10	
  x	
  HL-­‐LHC)	
  
Maintain	
  small	
  longitudinal	
  emiaance	
  

FFAG	
  
Challenging	
  layce	
  design	
  for	
  large	
  
bandwidth	
  and	
  limited	
  cost	
  
High	
  field	
  magnets	
  



RF	
  Challenge	
  
AcceleraHon	
  and	
  collider	
  ring	
  RF	
  
14	
  TeV:	
  	
  1	
  mm	
  long	
  bunch	
  with	
  0.1	
  %	
  energy	
  spread	
  in	
  collider	
  ring	
  
Almost	
  same	
  longitudinal	
  emiaance	
  as	
  aIer	
  muon	
  cooling	
  
High	
  bunch	
  charge	
  of	
  2x1012	
  muons	
  
Start	
  with	
  long	
  bunch	
  that	
  is	
  subsequently	
  compressed	
  
Need	
  concept	
  of	
  longitudinal	
  dynamics	
  all	
  along	
  the	
  accelerator	
  
Challenging	
  to	
  maintain	
  emiaance	
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MuCool:	
  >50	
  MV/m	
  in	
  5	
  T	
  field	
  

Muon	
  cooling	
  RF	
  
Proof	
  of	
  principle	
  in	
  US	
  (gas-­‐filled	
  copper	
  and	
  
vacuum	
  beryllium	
  cavi.es)	
  

Other	
  RF	
  
e.g.	
  proton	
  complex	
  RF	
  
making	
  contact,	
  may	
  need	
  more	
  effort	
  later	
  



Final	
  Focus	
  
Need	
  smaller	
  betafunc.ons	
  at	
  higher	
  energy	
  
Or	
  smaller	
  longitudinal	
  emiaance	
  /	
  larger	
  energy	
  acceptance	
  
	
  
	
  
	
  
	
  
And	
  focusing	
  of	
  higher	
  energy	
  beam	
  is	
  more	
  difficult	
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R.	
  Tomas	
  

First	
  look	
  from	
  Rogelio	
  
Tomas	
  on	
  final	
  triplet	
  at	
  
14	
  TeV	
  (L*	
  =	
  6	
  m):	
  
	
  
Challenging	
  system	
  
Need	
  to	
  add	
  shielding	
  

0.7	
  m	
  for	
  10	
  σ	
  
0.3	
  m	
  for	
  6	
  σ	
  



Design	
  Status	
  

MuCool:	
  >50	
  MV/
m	
  in	
  5	
  T	
  field	
  

NHFML	
  
32	
  T	
  solenoid	
  with	
  low-­‐
temperature	
  HTS	
  

FNAL	
  
Breakthrough	
  in	
  HTS	
  
cables	
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FNAL	
  
12	
  T/s	
  HTS	
  
0.6	
  T	
  max	
  

Key	
  systems	
  designed	
  for	
  3	
  TeV	
  in	
  US	
  
A	
  number	
  of	
  key	
  components	
  has	
  been	
  developed	
  
Cooling	
  test	
  performed	
  according	
  to	
  theory	
  
	
  
But	
  no	
  CDR,	
  no	
  integrated	
  design,	
  no	
  reliable	
  cost	
  
es.mate	
  
More	
  work	
  to	
  be	
  done,	
  e.g.	
  substan.al,	
  6D	
  cooling	
  

Mark	
  Palmer	
  

MICE	
  
(UK)	
  

As	
  you	
  just	
  heard	
  in	
  detail	
  



The	
  LEMMA	
  Scheme	
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Progress	
  in	
  design	
  
•  Fluid	
  targets	
  
•  Combina.on	
  of	
  bunches	
  into	
  single	
  bunch	
  
•  Novel	
  design	
  of	
  muon	
  accumulator	
  rings	
  with	
  

very	
  large	
  energy	
  acceptance	
  [-­‐10%;	
  +15%]	
  
•  Sequence	
  of	
  targets	
  to	
  keep	
  beta-­‐func.on	
  small	
  

M.	
  Boscolo,	
  M.	
  Antonelli,	
  A.	
  Ciarma,	
  P.	
  Raimondi	
  	
  
PR-­‐AB	
  23,	
  051001	
  (2020)	
  link	
  

O.	
  Blanco,	
  A.	
  Ciarma	
  	
  
PR-­‐AB	
  23,091601	
  (2020)	
  link	
  

However,	
  emiaance	
  are	
  not	
  so	
  small:	
  
•  1	
  -­‐	
  20	
  μm	
  (normalised)	
  
	
  
	
  Will	
  assess	
  	
  LEMMA	
  based	
  on	
  first	
  principles	
  
•  target	
  and	
  collider	
  ring	
  
•  to	
  develop	
  target	
  parameters	
  
•  to	
  judge	
  feasibility	
  
•  to	
  devise	
  a	
  strategy	
  of	
  how	
  to	
  con.nue	
  
	
  



Physics	
  and	
  Detector	
  Studies	
  
10+	
  TeV	
  collider	
  enters	
  uncharted	
  territory	
  
Need	
  to	
  establish	
  physics	
  case	
  and	
  detector	
  feasibility	
  
	
  
Established	
  tentaHve	
  detector	
  performance	
  specificaHons	
  in	
  form	
  of	
  DELPHES	
  card	
  
(thanks	
  to	
  M.	
  Selvaggi,	
  Werner	
  Riegler,	
  Ulrike	
  Schnoor	
  et	
  al.),	
  based	
  on	
  FCC-­‐hh	
  and	
  
CLIC	
  performances,	
  including	
  masks	
  against	
  beam	
  induced	
  background	
  (BIB)	
  
•  For	
  use	
  by	
  physics	
  poten.al	
  studies	
  

–  Are	
  the	
  performances	
  sufficient	
  or	
  too	
  good?	
  
•  For	
  detector	
  studies	
  to	
  work	
  towards	
  

–  make	
  sure	
  technologies	
  are	
  reasonable	
  
–  ensure	
  background	
  is	
  OK	
  

•  Please	
  find	
  the	
  card	
  here:	
  haps://muoncollider.web.cern.ch/node/14	
  

Detector	
  simula.on	
  studies	
  
•  Currently	
  at	
  1.5	
  TeV	
  and	
  125	
  GeV	
  (because	
  we	
  have	
  background	
  data)	
  
•  To	
  understand	
  background	
  characteris.cs	
  

–  develop	
  mi.ga.on	
  strategy	
  (e.g.	
  origin	
  of	
  tracks	
  for	
  rejec.on,	
  .ming)	
  
•  To	
  check	
  how	
  far	
  we	
  have	
  to	
  go	
  to	
  arrive	
  at	
  target	
  performance	
  

–  Snapshot	
  DELPHES	
  card	
  to	
  mo.vate	
  further	
  R&D	
  
•  Note:	
  reconstruc.on	
  tailored	
  to	
  beam-­‐induced	
  background	
  might	
  become	
  

important	
  

	
  ECFA	
  Mee.ng	
  20/11/2020	
   D.	
  Schulte:	
  Muon	
  Collider	
  Collabora.on	
   48	
  



Muon	
  Collider	
  Baseline	
  Concept	
  

Short,	
  intense	
  proton	
  
bunches	
  to	
  produce	
  
hadronic	
  showers	
  
	
  
Pions	
  decay	
  into	
  muons	
  
that	
  can	
  be	
  captured	
  

Muon	
  are	
  captured,	
  bunched	
  
and	
  then	
  cooled	
  by	
  
ionisa.on	
  cooling	
  in	
  maaer	
  

Accelera.on	
  to	
  
collision	
  energy	
  

Collision	
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No	
  CDR	
  exists,	
  no	
  coherent	
  baseline	
  of	
  machine	
  
No	
  cost	
  es.mate	
  
Need	
  to	
  extend	
  to	
  higher	
  energies	
  (10+	
  TeV)	
  
But	
  did	
  not	
  find	
  something	
  that	
  does	
  not	
  work	
  

MAP	
  collabora.on	
  


