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Muon accelerator R&D is focused
on developing a facility that can
address critical questlons spanning
two frontiers..

The Energy Frontier:
with a Muon Collider capable of
reaching multi-TeV CoM energies

and
a Higgs Factory on the border
between these Frontiers

unique
accelerators
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The Physics Motivations

 u—an elementary charged lepton:
— 200 times heavier than the electron
— 2.2 ps lifetime at rest

* Physics potential for the HEP community using muon beams
— Provides equal fractions of electron pe —>€+ﬂeﬁm]

and muon neutrinos at high intensity
ideal for neutrino oscillations studie
(the Neutrino Factory concept)

— As with an e*e™ collider, a u*u~ collider offers a precision
probe of fundamental interactions 3 (mz ) 410

)
— Large coupling to the "Higgs mechanism”

m2
» Precision Higgs width determination by g-2 precision beam energy
measurement

m—enn,

(4
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Muon Accelerator Physics

« Large muon mass strongly

suppresses synchrotron | re- no beamstrahlung

radlatIOn | e+e- w. beamstrahlung
= Muons can be accelerated & B Beamstrahlung in
stored using rings at much any ete- collider

higher energy than electrons @ SE/E oc 12

= Colliding beams of higher

guality due to reduced
beamstrahlung

1% of ECM

0 : . , .
2900 2920 2940 2960 2980 3000 3200
center of mass energy (GeV)

* Novel technology with major technical challenges
— Muon beams produced as tertiary beams p—=>0—=>1N

— Large transveres and longidunial emittances: 6D Cooling!
— Short muon lifetime

» Fast acceleration and limited storage time of a muon beam
» Collider = a new class of decay backgrounds must be dealt with
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Neutrinos: outstanding Physics

* |n neutrino sector critical to understandms

— Ocp
— The mass hierarchy -
— Resolve LSND and short baseline experimental anomalies

— And continue to probe for signs new physics
« CP violation physics reach of various facilities (compared to CKM matrix)

IDS-Neutrino Factory

0.025 IDS-NF: e
700kW target, 8 04 0.025
no cooling,

2x108 s running time
10-15 kTon detector

GLoBES 2012

0.0
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Muon Collider Reach

* For /s <500 GeV
- SM thresholds: Z% ,W*W-, top pairs
- Higgs factory (/s 126 GeV) v
e For /s>500 GeV
- Sensitive to possible Beyond SM physics.
- High luminosity required. v/

Cross sections for central (| 6 | > 10°) pair

production ~ R x 86.8 fb/s(in TeV?) (R = 1)

At Js = 3 TeV for 100 fb! ~ 1000 events/(unit of R)
e For/s>1TeV pu = X

K
L~ .t.f‘.u' (20° cut)

- Fusion processes important at multi-TeV MC T~ eoe 20 cew

=

10* em™® sec']']

7
S

o(s) = O]n(M}Q{

)+ ...

Annual Events (For L

—
(=]
()

- An Electroweak Boson Collider v/

1
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Muon Accelerators

Cooling@hannel ~200 MeV
MICE 160-240 MeV

Muon®BtorageRing 3-4 GeV
NSTORM 3.8 GeV
Intensity@Frontierth@Factory 4-10 GeV
FNALENFPhaseAFPXFPh2) 4-6 GeV
FNALNFPhaseRIFPXPh2) 4-6 GeV
IDS-NFDesign 10 GeV

Higgs@Factory ~126 GeVEoM
s-Channel@iCollider ~126 GeVoM

EnergyFrontiermollider >A TeVXoM
Opt.[ A 1.5 TeViloM
Opt.2 3 TeVioM
Opt.[B 6 TeVaAoM

EmittanceReduction
10%
Useable@ndecays/yr*
3x10"
Useable@ndecays/yr*
8x10"
5x107°
5x107°
Higgs/yr
5,000-40,000
Avg.Auminosity
1.2x10%*cm™s™
4.4x10*cms™

12x10*cm™s™

I 111
Program Baselines

And Potential Staging Steps

*MecaysDfEnAndividualBpeciesdie, BNz rEn)
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Muon Collider Concept

Muon Collider Block Diagram

Proton Driver Acceleration

ECoM
126 GeV

1.5TeV
3 TeV

— —
o o
- n
E (%]
2 &
3 &

(@]
é[’ o

Hg-Jet Target

Capture Solenoid
Decay Channe
Phase Rotator
Final Cooling

Accelerator Types: Linac,
Recirculating Linacs (RLAs),
Rapid Cycling Synchrotrons (RCS)

\ J

1

Proton source: Goal: Collider: Vs =3 TeV
For example PROJECT X Produce a high intensity Circumference 4.5km
at 4 MW, with 2+1 ns long u beam whose 6D phase L = 3x10%* cm=s't
bunches space is reduced by a u/bunch = 2x10%2

factor of ~106-107 from o(p)/p = 0.1%

its value at the EN =25 um, g,=72 mm

production target S =5mm

Rep. Rate =12 Hz
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126 GeV Higgs Factory

1800

c

= Initial .© &

1600 — 20 s
% 1400 Lsiep= £ < = 55
S 0.05 fb-! £ Required for O S 3
- 1200 R_0.003% 9 102 TeV Colliders 03 O Loy
1000 c 2 o~ Q9 =
(4] = ] Q

= s =1 -

bbbt £ ) =
~.03 =015 126 +.015 +.03 LLJ A
Vs (GeV) @ 10 o
' o
) =
: o
bo .
L= Laep= & Required for M%rch 2013
421 MeV 0.05 fb-! A Higgs Factory v
R=0.003% 5 . 1
10 10° 10
Han and Liu Transverse Emittance (micron)

et hep-ph 1210.7803 .
Vs (GeV) Reduced cooling:

g,y =0.3m=mm-rad,
8||N :1Tl:mml‘ad

Major advantage for Physics of a p*u~ Higgs
Factory: possibility of direct measurement of the
Higgs boson width (I'~4MeV FWHM expected)
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T"}('( Updated 63 x 63 GeV Lattice

o

i

JEm ccs | Matching Section Y Arc
D (m) Al

40 &0 20 100

Optics functions in half ring for *=2.5cm
Parameter

Beam energy 63 e

~ T
Average luminosity 103 em2fs 8.0 g '\’\/

Colision energy spread MeV 4 » dispersion

Circumference, C m TS \ suppressor b* tuning
Number of IPs - 5 ~_ section

B* - : chromaticity correction
Number of muons / bunch sextupoles

MNumber of bunches / beam - One I P |n

Beam energy spread

Nomalized emittance, =, g L th e |ateSt
Longitudinal emittance, £, ; . d es | g n

Bunch length, o,

Beam size atIP, rm.s.

Beam size in IR quads, rm.s.
Beam-beam parameter
Repetition ratz

Proton dnver power

JE H
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Parameter

Beam energy

Repetition rate

Average luminosity / IP 103%4/cm?/s
Number of IPs, Np -

Circumference, C km 2.73
p* cm 1 (0.5-2)
Momentum compaction, a, 10° -1.3

Normalized r.m.s. emittance, ¢,y m-mm-mrad 25

Momentum spread, ,/p %

Bunch length, o, cm

Larger chromatic function (Wy) is corrected Number of muons / bunch 1012
first with a single sextupole S1, Wx is
corrected with two sextupoles S2, S4 Number of bunches / beam -

separated by 180° phase advance. Beam-beam parameter / IP, &

RF voltage at 800 MHz
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Muon Collider - Neutrino Factory Synergies

NEUTRINO FACTORY

Front End Acceleration i Storage Ring
1.2-5GeV

0.2-1.2GeV <t v Factory Goal:
,L 10 GeV ?V; O(102Y) p/year

=0.75km within the
Accelerator Types: accelerator

Linac, Recirculating

Linac (RLA), FFAG acceptance

Proton Driver

E Target

Accumulator
Compressor

Hg-Jet Target
Capture Solenoid
Decay Channel
Buncher

Phase Rotator

4D Cooler

Share same complex §MUON COLLIDER

Proton Driver
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Cooling Acceleration Collider Ring

utoou
ﬁ(_

Hg-Jet Target
Capture Solenoid
Decay Channel
Phase Rotator
6D Cooling
Final Cooling

Accelerator Types: Linac,
Recirculating Linacs (RLAS),
Rapid Cycling Synchrotrons (RCS)
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A Staged Muon-Based Neutrino and
Collider Physics Program

The plan is conceived in four stages.

13

The “entry point” for the plan is the AUSTORM Eacility proposed at
Fermilab, which can advance SBL oscillation physics by making the
definitive measurements regarding the existence of light sterile neutrinos.
Secondly, it can provide an unprecedented program of v interaction
physics important in itself and to the long-baseline oscillation program.
Finally, it can serve as an R&D platform for demonstration of accelerator
capabilities pre-requisite to the later stages.

A stored-muon-beam Neutrino Factory can take advantange of the large
value of 8,;to make definitive measurements of neutrino oscillations and
their possible violation of CP symmetry.

Thanks to suppression of radiative effects by the muon mass adnn the
M0, Proportionality of the s-channel Higgs couling, a THIgGgs Factory
Muon Collider can make uniquely precise measurements of the 126 GeV
boson recently discovered at the LHC.

An energy-frontier Muon Collider can perform unique measurements of
Terascale physics, offering both precision and discovery reach.

FNAL Users Meeting@ FNAL June 13,2013 & Fermilab



y %,

%L( NuSTORM: Neutrinos from Stored I\/Iuons

Fermilab P-1028 .

200kW
. . Target Require the
Neutrino Beam Muon Decay Ring Development of
/ ' ANY
New Technology
— 226m— |
vSTORM
Low energy, low luminosity muon storage ring.
Stage | approval requested at last weeks Provides with 1.7 x 10'® " stored, the following

oscillated event numbers
ve — 1, CC 330
v, — v, NC 47000
v, — 1, NC 74000

Fermilab PAC meeting

! v, — v, CC 122000
NuSTORM Workshop held Sept 21-22 @ FNAL.: Ly GO 217000
( ) and each of these channels has a more than 10 o

difference from no oscillations

With more than 200 000 v, CC events a %-level v,
cross section measurement should be possible
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https://indico.fnal.gov/conferenceDisplay.py?confId=5710

NUSTORM as an R&D platform

* A high-intensity pulsed muon source

100<p,<300 MeV/c muons

— Using extracted beam from ring
— 10'° muons per 1 psec pulse

 Beam available simultaneously with
physics operation
— Sterile v search
— Vv Cross interaction physics programgy

« NuSTORM also provides the

opportunity to design,build&test: |§

— decay ring instrumentation (BCT, momentum spectrometer,
polarimeter) to measure & characterize the circulating muon flux

— 6D cooling of high intensity muon beam
15  FNAL Users Meeting@ FNAL June 13, 2013 2% Fermilab



A Muon Accelerator
Facility for Cutting Edge

s Physics on the Intensity
;ueé’,gg;getec,w | N and Energy Frontiers
~Sosao Or \
2. {1900, N7/ \based on Project X Stage Il ,
Sy B { | | i
ERN= - W RLA to 63 GeVi+ .
_,_‘__,._»_.?_'-}i“"‘f'-: =z %W 300m Higgs Factory
[
¥ Linac + RLA
D t0 ~ 5 GeV.

— SRS O D + Muon Beam
1500R&D Facility




A Staged Neutrino Factory with far detector
at SANFORD (LBNE)? ==,

= 1 MW, no muon cooling .

= 3 MW, with |
, with cooling
- - The neutrinos would travel 800 miles straight through the earth. No tunnel would
|:> 4 IVI W W It C O O I n be necessary for this trip since neutrinos can pass right through rock and other
]

matter. Only rarely does a neutrino collide with another matter particle,

5GeV non-magnetized LAr, 10kt 5GeV
preliminary stages L3NF, NF, 2<IDS-NF

——
1.IMW

24w

magnetized LAr, 10kt
. LBNE
preliminary stages L3NF, NF, 2<IDS-NF

- —_—

TN e
: R

Gray bands represent range of possible Plots assume
detector performance per arXiv:0805.2019 100 kt-years
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Plan Based on
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Neutrino Factory Staging (MASS)

System Parameters

Detector

Neutrino Ring

Acceleration

Cooling

Proton
Source

stored p+ or p-/year

Unit

NuSTORM
8x10'

L3NF
2x10%°

1.2x10*

V. Or v, to detectors/yr

S~

3x10"

8x%10"°

5x10%°

o ——

Far Detector

Super-Bind*

—Mag LA™ Wiag CAr

Super-Bind

Distance from ring

1.5

1300

1300

2000

Mass

1.3

10

307

100

magnetic field

2

0.5

0.5

1-->2 ?

Near Detector

Liquid Ar

Liquid Ar

Liquid Ar

Liquid Ar

Distance from ring

50

100

100

100

Mass

0.1

2.7

2.7

magnetic field

No

No

No

Ring Momentum P.

3.8

5

10

Circumference C

1190

Straight section Length

470

Arc Length

65

125

Initial Momentum

0.22

0.22

0.22

single pass Linac

0.97?

0.9?

0.9

4.5-pass RLA

0.927?

0.927?

4

NS-FFAG Ring

None

None

10

SRF frequency linac/RLA

325/650

325/650

201

Number of cavities

50 + 267

50 + 2672

50 + 26 + 25

Total Arc Length

5507

5507

550 +200

4D

Proton Beam Power

3

Proton Beam Energy

3

protons/year

Repetition Frequency

* supports multiple detector technologies

FNAL Users Meeting@ FNAL

June 13, 2013
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pu= ' MAP Designs for a Muon-Based Higgs

Factory and Energy Frontier Collider

MuonXollider@Baseline@®arameters
HiggsFactory

Multi-TeV@Baselines

Upgradedi

Initial2 | Cooling®

; Parameter Units Cooling | Combiner
,,,,,,,,,,,,,,,, CoMEEnergy TeV 0.126 0.126 1.5 3.0
Avg.Buminosity 10**cm™s™?|  0.0017 0.008 1.25 4.4
Beam@EnergyBpread % <;o.003 0.004p 0.1 0.1
Circumference km—" 0.3 0.3 2.5 4.5
No.mfaPs 1 1 1 2 2
Exquisite Energy Repetition®Rate Hz 30 15 15 12
Resolution _—b* cm 3.3 1.7(180.5-2) [0.50.3-3)
Allows Direct No.@nuons/bunch 10* 2 4 2 2
Measurement No.tbunches/beam 1 1 1 1
of Higgs Width Norm.ETrans.EEmittance,®;, [P mm-rad 0.4 0.2 0.025 0.025
Norm.Aong.@Emittance,®, |[p mm-rad 1 1.5 70 70
Site Radiation Bunchlength,3 cm 5.6 6.3 1 0.5
mitigation with BeamBizeR@AP mm 150 75 6 3
depth and lattice Beam-beam@®arameterZdP 0.005 0.02 0.09 0.09
design: <10 TeV Proton@river®ower MW 4 4 4 4

19 FNAL Users Meeting@ FNAL
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The MAP Feasibility Assessment

Feasibility Assessment: Phase | ‘
\ Feasibility Assessment: Phase || ‘

FY13 - FY15:
- Identify baseline design
concepts mm - FY18: Beyond the

» Technical demonstration eSSl FRERRIE

of critical baseline
concepts

« |dentify high leverage
alternative concepts
« |dentify key engineering

FY19 =
* Plan contingent on

paths to pursue:

* RF

* High Field Magnets
» Develop critical

* eg, 6D Cooling cell
* Pursue high leverage
alternative concepts
» Assess technical and

the feasibility
assessment!

« Can we launch the
design effort

cost feasibility of
baseline concepts
« Support major systems

engineering concepts (eq,

_ towards a staged
6D Cooling Cell)

implementation of a

. tSU|i)port major systems Supt NE & Meo
ests :
+ MICE Step IV + MICE Step V/VI tAe‘i‘t’snced systems

* 6DICE planning

« MICE RFCC
\ construction & testing/\

20 FNAL Users Meeting@ FNAL

« 6DICE?
« Support Physics?
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Recent Progress: MAP Design & Simulation

MAP Design Efforts / High Performance Computing

n*{nscl Lull B

Accelerator EnergyBcale Performance

CoolingiThannel ~200 MeV Emittance@®Reduction
MICE 160-240 MeV 7 10% il.m
MuonBtorage®Ring 3-4 GeV  Useable@ndecays/yr*BEERRR e
NSTORM 38 Gev  3x10V [N
Intensity@Frontierth#Factory 4-10 GeV e v / :‘ s
FNALENFPhasedAPXPhi2) 4-6 GeV AN :G SRR . ] )
FNALNF®PhaseBIFPXPhER 4-6 GeV . S = ol
IDS-I\I?FH)esigrf d 10 GeV * = N “‘jg"
. Code Parallelization (G4Beamllne ICOOL)

Higgs@#Factory ~126 GeVXoM Higgs/yr
s-Channel@&ollider ~126 GeVEoM 4,000-40,000

EnergyFrontiermiollider >A TeVEoM  Avg.Auminosity - Enables Multi-Objective Parallel
Opt.& 1.5 TeV@oM  1.2x10%cm’s™ Optimization of Accelerator Designs

> Performance improvements > 104

Opt.2 3 TeV@oM  4.4x10**cm?s™

Opt.B 6 TeV@oM  12x10*cm?s™ Liquid Hg Jet Targetéc2

- Staging Study (MASS) Contributions

| i (ni" )
Cooling 11 A

Window water- Oooled
Tungsten-Carbide
Shield

Mercury Pool/
Beam Dump

N . Capture Solenoid (15-20T):
oo ~3 GJ large aperture magnet
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B (T)

O 1% Dry Air-(0.2% O2)-in GH2
/MWM :

0.0
%O =25 Ml\o//m TimzeO[M] i * u
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‘ MAP Feasibility Advanced
Assessment Systems R&D
| i A
Muon lonization Cooling ‘ .
Experiment (MICE) | @ indicates a date when
i an informed decision
Prd Ph(l L should be possible
Proj X Ph Il
|
Proj X Ph Ill & IV

\4
Propos rage Ring

"

v Collider Conceptual ‘

Evolution to Full Spec n Factory

=» Technical Design

’V Collider Construction =»
Physics Program
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Some Thoughts...

The unique feature of muon accelerators is the ability to provide
cutting edge performance on both the Intensity and Energy Frontiers
— This is well-matched to the direction specified by the P5 panel for Fermilab

— The possibilities for a staged approach make this particularly appealing in a
time of constrained budgets

— vSTORM would represent a critical first step in providing a muon-based
accelerator complex

World leading Intensity Frontier performance could be provided with a
Neutrino Factory based on Project X Phase Il

— This would also provide the necessary foundation for a return to the Energy
Frontier with a muon collider on U.S. soill

A Muon Collider Higgs Factory

— Would provide exquisite energy resolution to directly measure the width of
the Higgs. This capability would be of crucial importance in the MSSM
doublet scenario.
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Conclusion

« Through the end of
this decade, the
primary goal of MAP
IS demonstrating the
feasibility of key
concepts needed for
a neutrino factory
and muon collider

= Thus enabling an
Informed decision
on the path forward
for the HEP

| A challenging, but promising, R&D program! ]
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