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νF and µC

• Strong similarities! 

- both start with ~MW p beam on high-power tgt → π → µ,
then cool, accelerate, & store

(Upstream ends nearly identical)

3

~ 1021 ν/year to remote detectors

ℒ ~ 1034 cm–2 s–1
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Why a Neutrino Factory?

• Neutrino mixing raises fundamental questions:

1. What is the neutrino mass hierarchy?

    

     

2. Why is pattern of neutrino mixing so different from that of quarks?

3. How close to zero are the small PMNS parameters 
13

, ?

are they suppressed by underlying dynamics? symmetries?

• These call for a program to measure the PMNS elements as well as possible.

12 30  (solar)

23
45  (atmospheric)

13 13  (Chooz limit)

CKM matrix: PMNS matrix: 
(LMA 
solution)

12 12.8

23
2.2

13 0.4

1. What is the neutrino mass hierarchy? [sgn(∆m231)]

Why a Neutrino Factory?

• Neutrino mixing raises fundamental questions:

1. What is the neutrino mass hierarchy?

    

     

2. Why is pattern of neutrino mixing so different from that of quarks?

3. How close to zero are the small PMNS parameters 
13

, ?

are they suppressed by underlying dynamics? symmetries?

• These call for a program to measure the PMNS elements as well as possible.

12 30  (solar)

23
45  (atmospheric)

13 13  (Chooz limit)

CKM matrix: PMNS matrix: 
(LMA 
solution)

12 12.8

23
2.2

13 0.4

2. Why is pattern of neutrino mixing so different from that of quarks? 

3. How close to zero is the PMNS phase δ?
➡ Does neutrino mixing violate CP, as required for Leptogenesis?

⇒Need to measure PMNS matrix as precisely as possible. 

Neutrino Factory Physics

4. Is 3-generation mixing the whole story?

≈  9°  (Daya Bay + Reno
          + Double Chooz...)
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From IDS-NF Interim Design Report (Oct. 2011):
[S. Choubey et al., arXiv:1112.2853]

• νF compared with other facilities:

➡νF has greatest reach and will ultimately be required

Neutrino Factory Physics
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Figure 18. Comparison of the physics reach of di↵erent future facilities for the discovery of CP
violation (top left panel), the mass hierarchy (top right panel), and sin2 2✓

13

bottom panel. The
sensitivities of the SPL super-beam are taken from [142]. The beta-beam curves are also taken from
[142], however with the ion intensities reduced to the EURISOL values [145]. Curves for LBNE are
taken from [143] and correspond to the results in [99]. The ✓

13

sensitivities expected from current
experiments are shown as vertical lines [98]. MIND LE is a single-baseline Neutrino Factory optimised
for large sin2 2✓

13

> 0.01, see also section 1.4.1.

accessed by LBNE in a small fraction of the parameter space. The CP violation plot demonstrates that

these experiments have limited potential for sin2 2✓
13

. 0.01, since the small data samples that can

be expected will cut o↵ the sensitivity at some value of sin2 2✓
13

. Figure 18 shows that the Neutrino

Factory can do significantly better. It is also interesting from figure 18 that the alternatives are either

optimised for the CP violation (SPL/BB100) or the mass hierarchy discovery (LBNE). No option

other than the Neutrino Factory can do all these measurements equally well.

In summary, even if ✓
13

> 0 is discovered by the generation of experiments currently under con-

struction, it is likely that the discovery of CP violation and precision measurement of the CP phase

require data from advanced experiments, like the Neutrino Factory. If ✓
13

is not discovered by the

generation of experiments presently under construction, there will be no further information on CP
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these experiments have limited potential for sin2 2✓
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. 0.01, since the small data samples that can

be expected will cut o↵ the sensitivity at some value of sin2 2✓
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. Figure 18 shows that the Neutrino

Factory can do significantly better. It is also interesting from figure 18 that the alternatives are either

optimised for the CP violation (SPL/BB100) or the mass hierarchy discovery (LBNE). No option

other than the Neutrino Factory can do all these measurements equally well.

In summary, even if ✓
13

> 0 is discovered by the generation of experiments currently under con-

struction, it is likely that the discovery of CP violation and precision measurement of the CP phase

require data from advanced experiments, like the Neutrino Factory. If ✓
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13

is not discovered by the

generation of experiments presently under construction, there will be no further information on CP

38

IDS!NF 2010!2.0
MIND LE

LBNE
LBNE"Project X

SPL
BB100

BB100"SPL
2025

10!7 10!6 10!5 10!4 10!3 10!2 10!1
0.0

0.2

0.4

0.6

0.8

1.0

True sin22Θ13

C
P
fr
a
ct
io
n

GLoBES 2010

CPV
IDS!NF 2010!2.0

MIND LE
LBNE

LBNE"Project X
SPL

BB100
BB100"SPL

2025

10!7 10!6 10!5 10!4 10!3 10!2 10!1
0.0

0.2

0.4

0.6

0.8

1.0

True sin22Θ13

C
P
fr
a
ct
io
n

GLoBES 2010

sgn $m2

IDS!NF 2010!2.0
MIND LE

LBNE
LBNE"Project X

SPL
BB100

BB100"SPL
2025

10!7 10!6 10!5 10!4 10!3 10!2 10!1
0.0

0.2

0.4

0.6

0.8

1.0

True sin22Θ13

C
P
fr
a
ct
io
n

GLoBES 2010

sin22Θ13

Figure 18. Comparison of the physics reach of di↵erent future facilities for the discovery of CP
violation (top left panel), the mass hierarchy (top right panel), and sin2 2✓

13

bottom panel. The
sensitivities of the SPL super-beam are taken from [142]. The beta-beam curves are also taken from
[142], however with the ion intensities reduced to the EURISOL values [145]. Curves for LBNE are
taken from [143] and correspond to the results in [99]. The ✓

13

sensitivities expected from current
experiments are shown as vertical lines [98]. MIND LE is a single-baseline Neutrino Factory optimised
for large sin2 2✓

13

> 0.01, see also section 1.4.1.

accessed by LBNE in a small fraction of the parameter space. The CP violation plot demonstrates that

these experiments have limited potential for sin2 2✓
13

. 0.01, since the small data samples that can

be expected will cut o↵ the sensitivity at some value of sin2 2✓
13
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Figure 18. Comparison of the physics reach of di↵erent future facilities for the discovery of CP
violation (top left panel), the mass hierarchy (top right panel), and sin2 2✓

13

bottom panel. The
sensitivities of the SPL super-beam are taken from [142]. The beta-beam curves are also taken from
[142], however with the ion intensities reduced to the EURISOL values [145]. Curves for LBNE are
taken from [143] and correspond to the results in [99]. The ✓

13

sensitivities expected from current
experiments are shown as vertical lines [98]. MIND LE is a single-baseline Neutrino Factory optimised
for large sin2 2✓

13

> 0.01, see also section 1.4.1.

accessed by LBNE in a small fraction of the parameter space. The CP violation plot demonstrates that

these experiments have limited potential for sin2 2✓
13

. 0.01, since the small data samples that can

be expected will cut o↵ the sensitivity at some value of sin2 2✓
13

. Figure 18 shows that the Neutrino

Factory can do significantly better. It is also interesting from figure 18 that the alternatives are either

optimised for the CP violation (SPL/BB100) or the mass hierarchy discovery (LBNE). No option

other than the Neutrino Factory can do all these measurements equally well.

In summary, even if ✓
13

> 0 is discovered by the generation of experiments currently under con-

struction, it is likely that the discovery of CP violation and precision measurement of the CP phase

require data from advanced experiments, like the Neutrino Factory. If ✓
13

is not discovered by the

generation of experiments presently under construction, there will be no further information on CP
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• An option for high-energy lepton colliders 
– unlike e+e–, √s not limited by radiative effects 

➡a μC can fit on existing laboratory sites even 
for √s > 3 TeV:

• Also,
–s-channel coupling of Higgs to 

lepton pairs ∝ mlepton2 
➡ µC resolution can uniquely
- measure Higgs width & shape

–

–

Muon Colliders

➡Likely to be cost-effective! i.e., ~ $(LHC)
6

- 13 - 
 

emittance exchange but this is done at the expense of transverse emittance and the 
luminosity is expected to be around 1031 cm2s1. 

 

 
Figure 2.4: Direct measurement of the Higgs decay width  by using muon beams of high 

energy resolution.  

About 2300 Higgs decays would be observed for one year of running (100 pb1). 
Then the Higgs boson mass can be obtained with a precision of 0.1 MeV, the line shape 
width directly with a precision of 0.2 MeV (5%), the peak cross-section with a precision 
of 2-3%, from which the Higgs width can be extracted with a relative precision of 3% 
and the muon coupling to 1.5%.  

In conclusion, the muon collider Higgs factory is unique in its ability to check that 
the Higgs boson is a single resonance of the expected line shape; the Higgs mass can be 
determined with a precision of a 0.1 MeV, and the muon coupling to the percent level. 
Unless a significantly higher luminosity can be achieved, all other measurements seem 
to be better done with a hadron or e+e collider.  Studies are going on to increase the 
luminosity at the +  H(126) resonance to 1032 cm2s1. At higher energies, the 
muon collider retains its potential as a unique tool to study, via the s-channel resonance, 
the line shape of possible heavier neutral Higgs bosons, or to investigate very high 
energy lepton collisions. 

2.5 Physics of   Higgs 

The photon collider can be seen as an add-on to a linear collider [19] or as a 
dedicated machine [20]. The reaction of interest is the direct s-channel   H which 
has a cross-section of 200 fb. The Higgs cross-section is enhanced for photons of 
circular polarization in the J=0 state, so the use of a polarized laser allows a significant 
enhancement of signal over the background. The use of linearly polarized photons 
allows selection of specific CP states.   

The unique attribute of the photon collider is the initial coupling to a pair of 
photons. Higgs can be observed in e.g.  the  orbb final state, following which, using 
thebb partial width measured at another machine, the H   partial width can be 
extracted in absolute terms to a precision of 1%. This quantity is of particular interest 
because this decay proceeds through an inclusive loop that can potentially reveal 

[Blondel et al., arXiv:1302.3318]

FNAL site

(3 TeV)
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• An option for high-energy lepton colliders 
– unlike e+e–, √s not limited by radiative effects 

➡a μC can fit on existing laboratory sites even 
for √s > 3 TeV:

• Also,
–s-channel coupling of Higgs to 

lepton pairs ∝ mlepton2 
➡ µC resolution can uniquely
- measure Higgs width & shape
- separate near-degenerate scalar and 

pseudo-scalar Higgs states of high-
tan β SUSY 

–

–

Muon Colliders

➡Likely to be cost-effective! i.e., ~ $(LHC)
6

14

FIG. 10: Contours of mH − mA (in GeV) in the (mH , tan β) parameter space. Two-loop/RGE-improved radiative
corrections are included taking mt = 175 GeV, mt̃ = 1 TeV, and neglecting squark mixing.

FIG. 11: Separation of A and H signals for tanβ = 5 and 10. From Ref. [10].

also be measured precisely by s-channel production. The ultimate precision that can be obtained on the masses
of the H and A depends strongly on the masses themselves and tanβ. But a reasonable expectation is that
a scan through the resonances should be able to determine the masses and the mass-difference to some tens
of MeV[22]. Altogether these mass measurements yield a prediction for the radiative correction ∆ which is
calculable in terms of the self-energy diagrams of the Higgs bosons[23]. To fully exploit this constraint might,
however, prove difficult given the notorious difficulty of computing Higgs boson masses to high enough loop
order that accuracy better than even a GeV can be achieved.

Finally it will be especially interesting to measure the branching ratios of these heavy Higgs bosons and
compare to the theoretical predictions. For tanβ∼>5 the H0, A0 decay more often into bb than into tt. There is
a substantial range of parameter space where significant numbers of events involving both types of decays will
be seen and new type of determination of tanβ will be possible. If supersymmetric particle masses are below
∼ mA0/2, then the branching ratios for A0, H0 decays to the many distinguishable channels provide extremely

[Barger et al., hep-ph/

• And potential for spectacular 
signatures, e.g., if ∃ Z# or Kaluza-
Klein resonances of ED models

FNAL site

(3 TeV)
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1. High-power (≈4 MW) p beam

- Hg jet feasible (MERIT@CERN, 2007)

2. Muon beam cooling in (for µC) all dimensions

- µ unstable, τμ = 2.2 µs ⇒ must cool quickly!...

3. Rapid acceleration

- Linac–RLAs–(FFAGs)–RCS 
(EMMA@DL, 2011; proposed JEMMRLA@JLab)

4. High storage-ring bending field (to maximize # 
cycles before decay) and small β⊥, for high ℒ
- Solution devised, B ~ 10 T, β ~ 1 cm

Technical Challenges

e.g., SNS, Project X 
SC Linac

7

and target
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Muon Cooling
• Physics of multi-TeV lepton collisions calls for 

ℒ ~ 1034 cm–2 s–1

• Higgs physics 
requires ℒ ~ 1032

and ∆p/p ~ 10–5

• How to get there:
(one scenario)

- must cool both
ϵ⊥ and ϵ||

- need factor 106 total 6D 
emittance reduction

8
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How cool muons?

• Problem:  Average lifetime at rest = 2.2 µs

• But established cooling methods (stochastic, 
electron, laser) take seconds to hours!

• What cooling method can work in << 2.2 µs?

9
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Ionization Cooling!
• Muons cool via dE/dx in low-Z medium:

Ionization Cooling:

• Two competing effects:

   – Absorbers: 
E E

dE
dx

s

space
rms

   – RF cavities between absorbers replace E
   – Net effect: reduction in p  at constant p , i.e., transverse cooling 

   X0   
(emittance change per unit length)

  dEdx

• optimal 
working point 
is ≈ ionization 
minimum

• 2 competing 
effects

 ⇒ equilibrium 
    emittance:

 ε0 ∝ β⊥/     〈dE/ds〉  X0

• Only* practical way to cool within µ lifetime

• Expt’l demo in progress...
10*Optical stochastic cooling?



COOL’13,(6/10/13D.(M.(Kaplan

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

/(26

4 23. Passage of particles through matter
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Figure 23.3: Energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, tin, and lead.

(above which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for
a variety of materials in Fig. 23.4.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (23.2)

It is usual [4,5] to make the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M ! 1; this, in fact, is done implicitly in many
standard references. For a pion in copper, the error thus introduced into dE/dx is greater
than 6% at 100 GeV. The correct expression should be used.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron
can exceed 1 GeV/c, where structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies where radiative
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• Work above ionization minimum 
to get negative feedback in pz?

• No – ineffective due to straggling

⇒cool longitudinally via emittance exchange:

• Cool !⊥, exchange !⊥ & !|| → 6D cooling

How to cool in 6D?ADVANCES IN BEAM COOLING FOR MUON COLLIDERS * 

R. P. Johnson
#
, Muons Inc., Batavia, IL 60510, U.S.A. 

Y. S. Derbenev, Jefferson Lab, Newport News, VA 23606, U.S.A.

Abstract 
 A six-dimensional (6D) ionization cooling channel 

based on helical magnets surrounding RF cavities filled 

with dense hydrogen gas is the basis for the latest plans 

for muon colliders.  This helical cooling channel (HCC) 

has solenoidal, helical dipole, and helical quadrupole 

magnetic fields, where emittance exchange is achieved by 

using a continuous homogeneous absorber.  Momentum-

dependent path length differences in the dense hydrogen 

energy absorber provide the required correlation between 

momentum and ionization loss to accomplish longitudinal 

cooling.  Recent studies of an 800 MHz RF cavity 

pressurized with hydrogen, as would be used in this 

application, show that the maximum gradient is not 

limited by a large external magnetic field, unlike vacuum 

cavities.  Two new cooling ideas, Parametric-resonance 

Ionization Cooling and Reverse Emittance Exchange, will 

be employed to further reduce transverse emittances to a 

few mm-mr, which allows high luminosity with fewer 

muons than previously imagined.  We describe these new 

ideas as well as a new precooling idea based on a HCC 

with z dependent fields that is being developed for an 

exceptional 6D cooling demonstration experiment.  The 

status of the designs, simulations, and tests of the cooling 

components for a high luminosity, low emittance muon 

collider will be reviewed. 

INTRODUCTION 

New developments have revived the hopes generated 

by the pioneering work of Skrinsky and Parkhomchuk [1].  

The enthusiasm that existed 10 years ago for a muon 

collider was dampened by the failure to come up with a 

credible scheme to achieve fast longitudinal cooling.  

Consequently, the idea that a neutrino factory based on a 

muon storage ring would be an easier first step toward a 

muon collider, has meant that efforts for the last 10 years 

have been focused on neutrino factory designs [2,3].  But 

the large number of muons required for a factory has led 

to large emittance accumulation and storage schemes 

rather than the small 6D emittances needed for a collider.   

Recently, many advantages of small 6D emittance for a 

collider have become apparent [4], where, for example, 

the cost of muon acceleration can be reduced by using the 

high frequency RF structures being developed for the 

International Linear Collider (ILC).  We believe that the 

muon collider has now become an upgrade path for the 

ILC or its natural evolution if the LHC finds that the ILC 

energy is too low or its cost is too great. 

Effective 6D cooling and the recirculating of muons in 

the same RF structures that are used for the proton driver 

may enable a powerful new way to feed a storage ring for 

a neutrino factory [5].  This would put neutrino factory 

and muon collider development on a common path. 

IONIZATION COOLING TECHNIQUES 

Emittance Exchange with Continuous Absorber  

The simple idea that emittance exchange can occur in a 

practical homogeneous absorber without shaped edges 

followed from the observation that RF cavities 

pressurized with a low Z gas are possible [6].  Figure 1 is 

a schematic description of the new approach. 

 

 

 

 

 

HCC  

Effective 6D cooling (simulations: cooling factor 

50,000 in 150 m) 

Figure 1: LEFT: Older Wedge Absorber Technique 

RIGHT: Proposed Homogeneous Absorber Technique 

where dispersion causes higher energy particles to have 

longer path length and thus more ionization energy loss.       

 
Figure 2: Simulation results of a series of 4 pressurized 

HCC segments which are matched to the beam by having 

smaller cavities and stronger fields as the beam cools.  

 Gas-filled HCC 

The HCC is an attractive example of a cooling channel 

based on this idea of energy loss dependence on path 

!p/p
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Effective 6D cooling (simulations: cooling factor 

50,000 in 150 m) 

Figure 1: LEFT: Older Wedge Absorber Technique 

RIGHT: Proposed Homogeneous Absorber Technique 

where dispersion causes higher energy particles to have 

longer path length and thus more ionization energy loss.       

 
Figure 2: Simulation results of a series of 4 pressurized 

HCC segments which are matched to the beam by having 

smaller cavities and stronger fields as the beam cools.  
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- use dispersion to 
create appropriate 
correlation between 
momentum and 
position / path length

[Figure courtesy Muons, Inc.]
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absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

UCR, BNL, IIT

• Tricky beam dynamics:  must handle dispersion, 
angular momentum, nonlinearity, chromaticity, & 
non-isochronous beam transport

Helical Cooling Channel

Muons, Inc. & FNAL
!

• 3 types of solutions viable in simulation:

How to cool in 6D?

12

RFOFO “Guggenheim”
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- FOFO Snake can cool both signs at once but may be 
limited in β⊥,min ⇒ may be best for initial 6D cooling

- HCC may be most compact

- Performance limits of each not yet clear, nor which 
is most cost-effective

How to cool in 6D?

13

absorbers RF cavitiesalternating solenoids
FOFO Snake

Y. Alexahin, FNAL

UCR, BNL, IIT

Helical Cooling Channel

Muons, Inc. & FNAL
!

RFOFO “Guggenheim”
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How to cool in 6D?
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• Guggenheim simulation example:
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Beyond 6D Cooling

µ

Energy loss

p

Acceleration

Figure 2: Transverse ionization cooling (top) works by shrinking the muon momentum
vector with energy loss in absorbers (left) and restoring the longitudinal component with
accelerating sections (right). Longitudinal cooling can be achieved using wedge absorbers
in a dispersive region (bottom) or other configurations with momentum-dependent path-
length through the energy absorbers.

4 Ionization cooling

Ionization cooling appears to be the only practical option available for muon beams due to

the short muon proper lifetime (2.2µs). While conceptually simple (see Fig. 2), it presents

some challenges. The evolution of normalized transverse emittance ✏ of a muon beam as

a function of distance s in a magnetic channel with an absorber medium is given by

d✏

ds
⇤ �

D
dE
ds

E

�2E
(✏� ✏0) (1)

where � and E are the average muon speed and energy, ⌅dE/ds⇧ denotes the (magnitude

of) average energy loss and the equilibrium emittance ✏0 is given by

✏0 ⇤
(0.875 MeV)

D
dE
ds

E
X0

��
�

, �� ⇥
p

B
(2)

where X0 denotes the radiation length. ✏0 is directly proportional to the focusing length

��, or inversely proportional to the magnetic field. Thus, e⇥cient cooling (large d✏/ds)

requires strong magnetic fields around the RF cavities in the front end and cooling channel,

up to 6T in the scenarios currently considered for a Muon Collider.

3
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D.#Turrioni#et#al.,#IEEE#Trans.#Appl.#
Supercon.#19,#3057#(2009)

• To reach ≤25 µm transverse emittance, must go 
beyond 6D cooling schemes shown above

• One approach (Palmer “Final Cooling”):

- cool transversely 
with B ~ 40 T at
low momentum

- gives lower β 
& higher dE/dx:

• Lower-B options under study as well (Derbenev 
“PIC/REmEx,” lithium lenses)
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Beyond 6D Cooling

µ

Energy loss

p

Acceleration

Figure 2: Transverse ionization cooling (top) works by shrinking the muon momentum
vector with energy loss in absorbers (left) and restoring the longitudinal component with
accelerating sections (right). Longitudinal cooling can be achieved using wedge absorbers
in a dispersive region (bottom) or other configurations with momentum-dependent path-
length through the energy absorbers.

4 Ionization cooling

Ionization cooling appears to be the only practical option available for muon beams due to

the short muon proper lifetime (2.2µs). While conceptually simple (see Fig. 2), it presents

some challenges. The evolution of normalized transverse emittance ✏ of a muon beam as

a function of distance s in a magnetic channel with an absorber medium is given by

d✏

ds
⇤ �

D
dE
ds

E

�2E
(✏� ✏0) (1)

where � and E are the average muon speed and energy, ⌅dE/ds⇧ denotes the (magnitude

of) average energy loss and the equilibrium emittance ✏0 is given by

✏0 ⇤
(0.875 MeV)

D
dE
ds

E
X0

��
�

, �� ⇥
p

B
(2)

where X0 denotes the radiation length. ✏0 is directly proportional to the focusing length

��, or inversely proportional to the magnetic field. Thus, e⇥cient cooling (large d✏/ds)

requires strong magnetic fields around the RF cavities in the front end and cooling channel,

up to 6T in the scenarios currently considered for a Muon Collider.

3

4 23. Passage of particles through matter
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Figure 23.3: Energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, tin, and lead.

(above which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for
a variety of materials in Fig. 23.4.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (23.2)

It is usual [4,5] to make the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M ! 1; this, in fact, is done implicitly in many
standard references. For a pion in copper, the error thus introduced into dE/dx is greater
than 6% at 100 GeV. The correct expression should be used.

At energies of order 100 GeV, the maximum 4-momentum transfer to the electron
can exceed 1 GeV/c, where structure effects significantly modify the cross sections. This
problem has been investigated by J.D. Jackson [6], who concluded that for hadrons (but
not for large nuclei) corrections to dE/dx are negligible below energies where radiative

April 17, 2001 08:58
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• To reach ≤25 µm transverse emittance, must go 
beyond 6D cooling schemes shown above

• One approach (Palmer “Final Cooling”):

- cool transversely 
with B ~ 40 T at
low momentum

- gives lower β 
& higher dE/dx:

• Lower-B options under study as well (Derbenev 
“PIC/REmEx,” lithium lenses)

High-field YBCO 
solenoid 
(BNL/Particle Beam 
Lasers, Inc.)



COOL’13,(6/10/13D.(M.(Kaplan

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

/(2616

Higgs Factory Cooling
• µ+µ– Higgs Factory requires 

exquisite energy precision:

 - use µ+µ– → h s-channel
resonance, dE/E ≈ 
0.003% ≈ Γh  = 4 MeV

⇒omit final cooling

SM
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Higgs Factory Cooling

                              

• µ+µ– Higgs Factory requires 
exquisite energy precision:

 - use µ+µ– → h s-channel
resonance, dE/E ≈ 
0.003% ≈ Γh  = 4 MeV

⇒omit final cooling

 - 10–6 energy calib. via
(g – 2)µ spin precession!

 - measure Γh, lineshape (& mh)
via µ+µ– resonance scan

 o the only way to do so! 

 o and a key test of the SM 

SM
Polarization*&*Energy*measurement*

Raja*and*Tollestrup*(1998)*Phys.*Rev.*D*58*013005**

� Electron energy (from decay) 
depends on polarization 
� polarization is ~25% � 10% 

 
 
 
 

 
� Measure � from fluctuations in 

electron decay energies 
�106 decays/m 

 <E�>  depends on Frequency 
� Frequencies can be measured very 

precisely  
� E, �E to 0.1 MeV or better (?) 
� need only > ~5% polarization ? 

32 

� � 	��� � 		 � ��� 
 � 	� [P. Janot, HF2012]

Patrick Janot 

µ+µ� Collider%vs%e+e�%Collider%?%(2)%

!  A%µ+µ� collider%can%do%things%that%an%e+e�%collider%cannot%do%

◆  Direct%coupling%to%H%expected%to%be%larger%by%a%factor%mµ/me%

●  ,jh%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%[σpeak$=$70$pb$at$tree$level]$
◆  Beam%energy%spread%δE/E%may%be%reduced%to%3×10C5%

●  6D%Cooling,%no%beamstrahlung,%~no%bremsstrahlung%

●  For%%δE/E%%=%0.003%%%(δE%%~%3.6%MeV,%ΓH%~%4%MeV)%

➨  Corresponding%luminosity%~%1031%cmC2sC1%

Expect%2300%Higgs%events%in%100%pbC1/%year%

◆  Polarization,%beam%energy%and%energy%spectrum%

●  Can%be%measured%with%an%exquisite%precision%

➨  From%the%electrons%of%the%muon%decays%

◆  Then%measure%the%lineshape%of%the%Higgs%at%√s%~%mH%

●  FiveCpoint%scan,%50%+%100%+%200%+%100%+%50%pbC1%

➨  Precision%from%H→bb%and%WW%:%%

14 Nov 2012 
HF2012 : Higgs beyond LHC (Experiments) 

23 

( ) ( )HeeH →×≈→ −+−+ σµµσ 40000

σ(mH), TLEP 

, W, … 

, W, … 

mH% σPeak% ΓH%

0.1%MeV% 0.6%pb% 0.2%MeV%

10C6% 2.5%% 5%%

√s 

σ (pb) 

[16,17] 
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MICE

µ beam
~200 MeV/c

TOF 4T spectrometer I

Cooling cell (~10%)
ß = 5–45 cm, LH2, RF

4T spectrometer II

TOF
Calorimeters 

SciFi solenoidal spectrometers 
measure emittance to 1‰ 
(muon by muon)

• International Muon Ionization Cooling Experiment at 
UK’s Rutherford Appleton Laboratory (RAL)

• Flexibility to test several 
absorber materials and 
optics schemes

• Status:  under construction, program complete by ~2020
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Principles of MICE

• Build minimum cooling channel that suffices

- one complete lattice cell → ≈10% cooling effect

• Measure emittance with 0.1% precision

- allows even small cooling effects near equilibrium 
emittance to be well measured

 ⇒ need to measure muon beam one muon at a time

• Vary all parameters to explore full 
performance range, validate simulation tools

18
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Nominal (“SFOFO”) Lattice (200 MeV/c)

• Bz  vs. z:

• t   vs. z:

•  flexibility to explore other settings, momenta, absorber mat’ls...

Principles of MICE
Performance Simulation (nominal SFOFO mode):

(BNL ICOOL simulation)

10% transverse emittance reduction, measurable to 0.1% (abs.) given
precise spectrometer, clean beam, and efficient, redundant particle ID

long.

2D trans.

6D

equilib.
emittance

• Bz vs. z (nominal, 200 MeV/c):

• β⊥ vs. z (nominal, 200 MeV/c):

• Beam behavior vs. z:

19



COOL’13,(6/10/13D.(M.(Kaplan

MICE-U.S. Plans

Daniel M. Kaplan
US Spokesperson, MICE Collaboration

MuTAC Review
Fermilab

16–17 March, 2006

/(26

1st 6D cooling test:

• Some aspects of 6D cooling / emittance 
exchange can also be tested, by inserting 
wedge absorbers in MICE

• Part of MICE program

- LiH wedge in fabrication:

20
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• International collaboration:

 

µ

Incoming muon beam

Variable
Diffuser

 

Beam PID
TOF 0, TOF 1, 

CKOV

Trackers 1 & 2 

Liquid Hydrogen absorbers 1,2,3
Downstream
PID: TOF 2, 
Calorimeters 

 

RF cavities RF power         

Spectrometer 
solenoid 1  

Spectrometer 
solenoid 2 

Coupling Coils 1&2
Focus coils 

MICE

21
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• Quick tour:
MICE

ISIS

MICE Hall
  R5.2

22

WIN 11 Slide 11
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• Quick tour:
MICE

ISIS

MICE Hall
  R5.2

22

WIN 11 Slide 11
WIN 11 J.S. Graulich Slide 12

Installation of 5 T Decay 
Solenoid (PSI surplus)

Q7-Q9

Q4-Q6

D2

Downstream Muon Beam Line

Mice  Target System in ISIS

Upstream Pion Beam 
Line

Q1-Q3D1
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• Quick tour:
MICE

ISIS

MICE Hall
  R5.2

22

WIN 11 Slide 11
WIN 11 J.S. Graulich Slide 12

Installation of 5 T Decay 
Solenoid (PSI surplus)

Q7-Q9

Q4-Q6

D2

Downstream Muon Beam Line

Mice  Target System in ISIS

Upstream Pion Beam 
Line

Q1-Q3D1

Spectrometer  Solenoids
(at vendor)

RF Power Supplies
(at Daresbury Lab)

     1st RF Cavity

LH2 Absorber

SciFi Trackers
(cosmic test @ RAL)  1st Focus Coils
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MICE Construction Schedule

23

. . .
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May 2013 MICE Status Alain Blondel   
 


Provisional MICE SCHEDULE  
update: May 2013 

STEP I 

STEP IV (Q2 2014, 
no field)   
 Q1 2015 
to Q1 2016  

STEP VI 

Run date: 

EMR run July 2013 

Under construction: 

Possible Step V run Q4 2017 
          Step VI        2019 

MICE Running Schedule

1st µ cooling 
demonstration!

Thorough 
investigation of 
µ cooling and 
MC validation
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Current MICE Status
• EMR calorimeter in final assembly for installation 

@ RAL & beam test later this year

• Both SS completed @ vendor, one in field-
mapping, other in cooldown for training

• 1st AFC in training at RAL

• 1st (MuCool) CC cold mass under test @ FNAL

• Plan: 

- Step IV running in 2015 following long ISIS shutdown

- Steps V/VI running 2017–19
25
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Conclusions
• Higgs and θ13 discoveries have set the stage for stored-

muon facilities

• 1021 ν/year Neutrino Factory feasible

→ world’s best measurements of neutrino oscillation parameters

• High-ℒ Muon Collider looks feasible

- possibly buildable as Neutrino Factory upgrade 

- Higgs Factory could be important step(s) on the way!

• Muon Collider technology selection & feasibility assessment 
are main goals of MAP 6-year R&D program 

➡1st Muon Collider could be under construction by late 2020s

26

S. Choubey et al. [IDS-NF collaboration],
Interim Design Report, arXiv:1112.2853 [hep-ex]

[M. Palmer, next talk]


