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1 Foreword 

1.1 From the Chairman 

Weiren Chou, Fermilab 

Mail to:  chou@fnal.gov 

 

The International Committee for Future Accelerators (ICFA) met on August 24, 

2011 at the Tata Institute of Fundamental Research (TIFR) in Mumbai, India during 

LP2011. Atsuto Suzuki, Director General of KEK and Chair of ICFA, chaired this 

meeting. 

Jonathan Bagger, Chair of the ILCSC, presented a summary report of the ILCSC 

meeting, which had taken place earlier on the same day. ILC accelerator and detector 

activities are progressing well and the GDE and Research Director mandate will be 

extended to 31 December 2013. A new structure for linear collider activities after 2012, 

which will include both ILC and CLIC, was discussed, and will be presented at the 

February 2012 ILCSC meeting. It is envisaged that the new structure representing a 

unified linear collider field will last 3-6 years. At the end of this interim period, it 

should become clear which collider ï the ILC or CLIC ï to choose. The selection will 

be based on results from LHC. ICFA will set up a panel to compare the readiness of the 

available technologies (similar to the 2004 panel that compared superconducting versus 

room temperature rf systems for the ILC). 

A draft document entitled ñBeacons of Discoveryò was presented by Pier Oddone, 

Fermilab Director. It conveys the excitement of particle physics; and explains how we 

will be able to answer some of the major science questions in the future. The document 

also shows the numerous spin-offs from the field of particle physics. The final 

document will be available at the October 2011 ICFA Seminar at CERN. 

Since the present ICFA Chairôs term will expire at the end of this year, ICFA 

unanimously approved Pier Oddone as its next Chair from 1 January 2012 to 31 

December 2014. 

I gave a presentation at the ICFA meeting on behalf of the Beam Dynamics Panel. 

ICFA approved two new panel members ï Elias Metral from CERN and John Byrd 

from LBNL ï replacing two present members: Alessandra Lombardi and Miguel 

Furman. Alessandra and Miguel have served on the panel for a number of years and 

made valuable contributions, including organizing ICFA workshops and editing ICFA 

BD panel newsletters. On behalf of the panel, I want to thank them for their excellent 

service. I also welcome Elias and John on board and look forward to working with them 

in the future.  

The BD panel had its biennial meeting on 7 September 2011 in San Sebastian, Spain 

during IPAC11. It was a joint meeting with the ICFA Advanced and Novel Accelerators 

(ANA) Panel. The meeting minutes can be found in Section 5.3. 

The student selection for The Sixth International Accelerator School for Linear 

Colliders, which will be held from 6 ï 17 November 2011 at the Asilomar Conference 

mailto:chou@fnal.gov
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Center, Pacific Grove, California, USA, is complete.  Details can be found in Section 

4.1. The school web address is http://www.linearcollider.org/school/2011/.  

The editor of this issue is Dr. Mark Palmer, a panel member and an accelerator 

scientist at Cornell University, USA. Mark selected the theme of ñMuon Collider and 

Neutrino Factoryò and collected a number of well-written articles on this theme. These 

articles give a comprehensive overview of this rapidly developing new accelerator field 

and the required challenging accelerator technologies. In this issue there are also two 

workshop reports (SRF2011, TIPP2011) and three workshop announcements 

(COOL2011, DLA2011, LOWŮRING2011). I thank Mark for editing and producing a 

newsletter of great value to our accelerator community. 

1.2 From the Editor  

Mark Palmer, Cornell University  

Mail to: mark.palmer@cornell.edu 

 

Earlier this year, while considering potential topics for the theme of this Newsletter, 

anticipation was building towards the summer release of new results from the LHC 

along with updates from the Tevatron Run II.  Over the course of the next year or so, we 

expect that these datasets will provide our first panoramic view of the physics landscape 

at the Terascale.  With that picture in hand, the high energy physics community can 

begin the process of specifying the energy reach necessary for a lepton collider which 

can explore this territory with greater precision.  At present, the most developed 

concepts for the lepton collider are the electron-positron linear collider designs of the 

International Linear Collider (ILC) Global Design Effort and the Compact Linear 

Collider (CLIC) Design Study.  The superconducting main linac technology of the ILC 

should provide an energy reach to about 1 TeV while the CLIC warm linac technology 

is targeted at reaching as high as ~3 TeV.  A third lepton collider concept, a ring-based 

Muon Collider (MC), is also under development and could provide access to still higher 

energies.  Past issues of this Newsletter have provided focused overviews of R&D and 

design work being carried out for the electron-positron machines.  Thus this issue 

seemed an ideal opportunity to provide a similar overview of the Muon Collider concept 

and the R&D program that is presently underway to assess its feasibility.   

The fundamental accelerator technologies needed for a Muon Collider are also those 

required for construction of a Neutrino Factory (NF) with the most notable difference 

being in the final muon storage ring, which provides decay regions for neutrino beam 

production in the NF and interaction regions for detectors in the case of the MC.  In 

fact, initial design and construction of a Neutrino Factory offers a logical step along the 

path towards the ultimate realization of a Muon Collider.  A rich accelerator R&D 

program is presently underway to assess the feasibility of both of these concepts.  The 

International Design Study for a Neutrino Factory (IDS-NF) is targeting a Reference 

Design Report on the 2013 timescale.  In the U.S., the Muon Accelerator Program 

(MAP) was approved by the U.S. Department of Energy last year with the goal of 

completing the R&D necessary to validate the Muon Collider concept on a 5-7 year 

timescale.   

The contributions associated with the theme of this issue are divided into two 

sections.  The first (Sec. 2) contains a nice overview of the physics motivations for the 

Neutrino Factory and a multi-TeV collider by Estia Eichten followed by a very readable 

http://www.linearcollider.org/school/2011/
mailto:mark.palmer@cornell.edu
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end-to-end description of the Muon Collider complex by Bob Palmer and Richard 

Fernow. The second section (Sec. 3) focuses in greater detail on the design and R&D 

efforts and includes articles on the IDS-NF, the MAP and the major technical efforts 

currently underway.  Iôve found all of the articles to be quite informative and would like 

to express my appreciation to each of the authors for their time and effort spent to make 

this issue possible.  A special thanks goes to the co-directors of the MAP, Mike Zisman 

and Steve Geer, who were kind enough to help organize the contributions. In particular, 

Mike Zisman generously took time out of a very busy schedule to provide editorial 

support as this issue was taking final form. 

This issue contains reports from SRF2011 and the accelerator-related sessions of 

TIPP2011.  Announcements for three upcoming workshops are also included:  

¶ COOL`11 ï Workshop on beam cooling systems and related techniques in 

Alushta, Ukraine 

¶ DLA-2011 ï Workshop on dielectric laser accelerators at SLAC National 

Accelerator Laboratory  

¶ LOWŮRING - Workshop on the beam dynamics and technology challenges 

for producing and controlling low emittance beams in Heraklion, Crete. 

As this issue nears completion, I would like to take a moment to comment on 

experimental progress that has been reported while it was in preparation.  As of mid-

summer, the delivered luminosities from the LHC and the Tevatron Run II have 

surpassed 2 fb
-1

 and 11 fb
-1

, respectively, with expectations that the LHC dataset will 

double by yearôs end.  The list of possible hiding places for the Higgs boson is rapidly 

shrinking and numerous studies looking for new physics at the Terascale are being 

reported.  While still more data is needed to clarify the overall picture, we expect the 

physics results that will determine the parameters of an energy frontier lepton collider 

are only a short wait away.  In the neutrino physics arena, this summer has also seen 

important updates, such as new results from the T2K collaboration on the sin
2
(2ɗ13) 

mixing angle and improved ȹm
2
 comparisons for neutrinos and antineutrinos from the 

MINOS collaboration.  Thus it seems an appropriate time to review the status of the 

design program for a Neutrino Factory and Muon Collider.  Enjoy! 
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2 Muon Collider and Neutrino Factory Overview 

2.1 Towards a Muon Collider 

E. Eichten 

Theory Group, Fermilab, P.O. Box 500, Batavia IL 60510 

Mail to: eichten@fnal.gov  

2.1.1 Physics Landscape 

The Standard Model (SM) has been a spectacular success.  For more than thirty 

years all new observations have fit naturally into this framework. But basic questions 

remain: (1) There is as of now no direct evidence for the Higgs boson or its interactions. 

Is this the correct mechanism of electroweak symmetry breaking?  (2) How do the 

fermion masses and flavor mixings arise?  Furthermore, the Standard Model is 

incomplete. It does not explain dark matter; neutrino masses and mixings require new 

particles or interactions; and the observed baryon asymmetry in the universe requires 

additional sources of CP violation.  From a theoretical viewpoint there are also 

problems with the SM.  It has been argued by G. ôt Hooft that the SM is not natural at 

any energy scale L much above the Terascale (~1 TeV) because the small 

dimensionless parameter x(L) = (mH/L)2 is not associated with any symmetry in the 

limit x = 0 [1].  This is the naturalness problem of the SM.  If the SM is valid all the 

way up to the Planck scale LPl (~ 10
19 

GeV), then the SM has to be fine tuned to a 

precision of one part in (mH/LPl)
-2

!  In this decade, the physics of the Terascale will be 

explored at the LHC.  Planned experiments studying neutrino oscillations, quark/lepton 

flavor physics, and rare processes may also provide insight into new physics at the 

Terascale and beyond. 

Discoveries made at the LHC will elucidate the origin of electroweak symmetry 

breaking.  Is that mechanism the SM Higgs scalars or does it involve new physics? New 

physics might be new gauge bosons, additional fermion generations or fundamental 

scalars.  It might be SUSY or new dynamics or even extra dimensions.  Significant 

theoretical questions will likely remain even after the full exploitation of the LHC.  

Most notably, the origin of fermion (quark and lepton) masses, mixings and CP 

violation; the character of dark matter and detailed questions about spectrum, dynamics, 

and symmetries of any observed new physics. Thus, it is hard to imagine a scenario in 

which a multi-TeV lepton collider would not be required to fully explore the new 

physics. 

To prepare for the energy frontier in the post-LHC era, research and development is 

being pursued on a variety of lepton colliders:  A low energy (Ec.m. < 1 TeV) linear 

electron-positron collider (ILC), a second design (CLIC) capable of higher energies 

(Ec.m. = 3 TeV), and a multi-TeV Muon Collider.  

A multi-TeV Muon Collider provides a very attractive possibility for studying the 

details of Terascale physics after the LHC.  Presently physics and detector studies are 

mailto:eichten@fnal.gov
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under way to understand the required Muon Collider parameters (in particular 

luminosity and energy) and map out, as a function of these parameters, the associated 

physics potential.  The physics studies will set benchmarks for various new physics 

scenarios (e.g., SUSY, Extra Dimensions, New Strong Dynamics) as well as Standard 

Model processes.   

2.1.2 Neutrino Factory 

The SM has three generations of quarks and leptons.  The flavor eigenstates for the 

left-handed neutrinos are denoted ne, nɛ and nŰ  and the mass eigenstates by ni (i =1,2,3).  

In the simpler case of two flavors the probability (P) of flavor (a,b) mixing over a 

distance (L) for neutrino energy (E) is given by P(a­b) = sin
2 

2q sin
2
(Dm

2
 L/4E) where 

Dm
2
 is the mass squared difference of the two mass eigenstates.  Flavor mixing implies 

masses for neutrinos.  Flavor mixing has been observed for solar neutrinos and 

atmospheric neutrinos with very different scales of mass difference, Dm
2
 (solar) << Dm

2
 

(atmospheric). 

In the SM, the mixing is represented by a 3³3 mixing matrix, the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) matrix.  This matrix has three angles q12, q23, q13 and one 

phase d. If there are right-handed neutrinos (sterile under the SM interactions) this is the 

whole story. If there are no right-handed neutrinos then the mass terms are Majorana, 

lepton number is broken, and two additional phases appear. There are four important 

questions about the neutrino sector: 

1) Are the neutrinos Majorana or Dirac? 

2) Is the mass hierarchy normal (smaller splitting between the two lightest 

neutrinos) or inverted (the two most massive neutrinos have smaller splitting)? 

3) What is the value of q13? The other two angles are already measured and large. 

4) Is there CP violation, i.e., is d not equal to 0 (mod p)? 

The first question can be addressed in neutrinoless double b decay experiments.  The 

remaining three questions will be addressed with neutrino beams.  A Neutrino Factory 

(NF) has been proposed that uses a muon storage ring at an energy of 25 GeV with long 

straight sections to produce beams of neutrinos from the muon decays.  This approach 

requires high intensity muon beams as it assumes 10
21

 muon decays per year.  It is very 

likely that a Neutrino Factory will be needed to provide detailed measurements of q13, 

the mass hierarchy, and the CP violating phase d.   
The comparison of a Neutrino Factory with other neutrino beam facilities is shown 

in Fig. 1.  As can be seen, the approach with the greatest reach is a Neutrino Factory 

(NF). This and many other details of the neutrino physics facilities can be found in the 

reports of the ISS Physics Working Group [2]. 

One advantage of the Muon Collider is that it lends itself to a staged program with 

physics at each stage of producing and cooling the muons.  An important physics 

opportunity is the possibility of a Neutrino Factory as a step to a Muon Collider.  
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Figure 1: Comparison of physics reach of NF with other potential neutrino facilities [2]. 
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2.1.3 Muon Collider Physics 

The Muon Collider is an energy frontier machine.  It offers both discovery as well as 

precision measurement capabilities. The physics goals of a Muon Collider (MC) are for 

the most part the same as a linear electron collider (CLIC) [3] at the same energy.  The 

main advantages of a MC are the ability of studying the direct (s-channel) production of 

scalar resonances, a much better energy resolution (because of the lack of significant 

beamstrahlung), and the possibility of extending operations to very high energies. At 

CLIC, however, significantly greater polarization of the initial beams is possible [3]. 

2.1.3.1 Basics  

There are basically three kinds of channels of interest for a lepton collider: (1) open 

pair production, (2) s-channel resonance production and (3) fusion processes. 

 

2.1.3.1.1 Pair Production 

The kinematic thresholds for pair production of standard model particles (X + X ) 

are well below Ec.m. = 500 GeV.  For standard model particles at Ec.m. > 1 TeV the 

typical open channel pair production process is well above its kinematic threshold and 

the cross section becomes nearly flat in  

. (1)

 

For the MC a forward/backward angular cut (e.g., 10°) is imposed on the outgoing 

pair. Closer to the beam direction, a shielding wedge is needed to suppress detector 

backgrounds arising from the effects of muon decay in the beam. 

For a process whose rate is one unit of R, an integrated luminosity of 100 fb
ï1

 at 

Ec.m. = 3 TeV yields ~1000 events.  As an example, the rate of top quark pair production 

at 3 TeV is only 1.86 units of R.  This clearly demonstrates the need for high luminosity 

in a multi-TeV lepton collider. 

2.1.3.1.2 Resonances 

Many models beyond the SM predict resonances that may be produced directly in 

the s-channel at a Muon Collider. Here, the narrow beam energy spread of a Muon 

Collider, DE/E ~ 10
ï3

, could be an important advantage.  The cross section for the 

production of an s-channel resonance, X, with spin J, mass M and width G is given by: 

 

(2)
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where k is the momentum of the incoming muon and E is the total energy of the initial 

system (Ec.m.).  Bɛ+ ɛīG is the partial width of X ­ m
+
 m
ī
 and BvisibleG is the visible decay 

width of X.  At the peak of the resonance with negligible beam energy spread: 

. (3)

 

For a sequential standard model Z' gauge boson, the value of Rpeak is strikingly large, 

typically Rpeak ~ 10
4
.  The luminosity, L, for 1.5 < MZ' < 5.0 TeV required to produce 

1000 events on the Z' peak is only 0.5ï5.0 ³ 10
30

 cm
ï2

 s
ï1

.  Hence, a comprehensive 

first-order study of the properties of a narrow resonance, such as a Z', in the few-TeV 

mass range, can be carried out with a low luminosity, L ~ 10
30

 cm
ï2

 s
ï1

, Muon Collider. 

 

2.1.3.1.3 Fusion Processes 

A typical fusion process m
+
 m
ï
 ­ W

+ 
W
ï 
 nɛ nɛ  ­ X nɛ nɛ is shown in Fig. 2.  For 

Ec.m. >> MX the cross section is typically large and grows logarithmically with Es 2
c.m.= , 

while the usual pair-production processes are constant in R and thus dropping like 1/s.  

Thus, for asymptotically high energies fusion processes dominate.  For lepton colliders, 

this crossover occurs in the few-TeV region in standard model processes, as shown in 

Fig. 3. A variety of processes are shown including WW and ZZ inclusive production.  

The large rates for WW, WZ and ZZ fusion processes imply that the multi-TeV Muon 

Collider is also effectively an electroweak-boson collider. 

 

 

Figure 2:  Typical fusion process. 
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Figure 3: Fusion cross sections versus sat a lepton collider. 

Physics studies of fusion processes such as m
+
m
ï 
­ Z

0 
Z

0
 m

+
m
ï
 ­ X m

+
m
ï
 benefit 

greatly by the tagging of the outgoing m
±
 and hence will be sensitive to the required 10° 

angular cut. 

2.1.3.2 Standard Model Higgs Bosons 

Studies of the feasibility of direct production of the SM Higgs boson were carried 

out over a decade ago [4] for a low-energy, high-luminosity MC.  It was found that very 

precise control of the beam energy and energy spread are required.  

Higgs bosons can be studied in a number of other ways at a multi-TeV Muon 

Collider. 

 

1. Associated production: m
+
m
ï
 ­ Z

* 
­ Z

0
 + h

0 
 has R ~ 0.12.  We can measure the 

b-quark Higgs-Yukawa coupling and look for invisible decay modes of the 

Higgs boson. 
 

2. Higgstrahlung: m
+
m
ï
 ­ tt  h

0 
 has R ~ 0.01 (so such a study requires ~ 5 ab

ï1
).  

This could provide a direct measurement of the top quark Higgs-Yukawa 

coupling. 
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3. W*W* fusion into nɛ nɛ h
0 
 has R ~ 1.1 s ln(s) (for mh = 120 GeV).  It allows 

the study of Higgs self-coupling and certain rare decay modes. 

2.1.3.3 Extended Higgs Sector 

In the two Higgs-doublet scenario there are five scalars: Two charged scalars H
±
, 

two neutral CP-even scalars h, H
0
,
 
and a CP-odd neutral A.  For the supersymmetric 

MSSM models, as the mass of the A is increased, the h becomes closer to the SM Higgs 

couplings and the other four Higgs become nearly degenerate in mass, as shown in 

Fig. 4. This makes resolving the two neutral-CP states difficult without the good energy 

resolution of a Muon Collider. 

 

 

Figure 4: MSSM cross section m
+
m
ï
 ­ bb  near the H and A resonances (with MA = 400 GeV 

and tan b = 5 (left), and with some contributions to the radiative corrections (right). From 

Ref. [5]. 

2.1.3.4 Supersymmetry 

Supersymmetry (SUSY) provides a solution to the naturalness problem of the SM. It 

is a symmetry that connects scalars with fermions, ordinary particles with 

superpartnersða symmetry that is missing in the SM.   

The simplest SUSY model is the MSSM, with only five parameters determining the 

masses of all the superpartners. It is now highly constrained by direct limits on the 

Higgs, mainly from LEP, CDF and DZero. Z-pole studies have provided constraints 

from electroweak precision measurements, and we have no indication of SUSY from 

flavor physics so far [6].  Recently the LHC has produced strong lower bounds on the 

masses of squarks and gluinos [7,8].  All this, taken together, makes it almost certain 

that direct coverage of the remaining MSSM parameter space requires a multi-TeV 

scale lepton collider such as CLIC or a Muon Collider. 
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2.1.3.5 New Strong Dynamics 

Strong dynamical models of electroweak symmetry breaking have no elementary 

scalars and thus avoid the naturalness problem of the SM. Chiral symmetry breaking (à 

la QCD) in the technicolor sector produces technipions that give the proper masses to 

the W and Z bosons.  For details and a discussion of various new strong dynamics 

models see the review of Hill and Simmons [9]. 

The ñminimal Technicolor modelò contains an isospin triplet techni-rho (rT) and 

singlet techni-omega (wT) vector mesons, which can be produced in the s-channel in 

lepton colliders. In addition, it contains a techni-eta' (hT') which would be produced in 

association with Z bosons in analogy to the Higgs boson. 

In less minimal schemes, there are residual techni-pions, pT
±
 and pT

0
, that can be 

produced in lepton colliders. The techni-rho is typically broad if the twoïtechni-pion 

channel is open but, as in QCD, the techni-omega is nearly degenerate and narrow.  In 

low-scale Technicolor models, some techni-rho (rT) can be light (~250 GeV) as well as 

nearly degenerate in mass with a techni-omega, and these can be studied in great detail 

at a Muon Collider with the appropriate energy [10].  For techni-rho and techni-omega 

masses in the TeV range, a CLIC study has been done to determine its resolving power.  

The results for a Muon Collider are essentially the same as the CLIC curve before 

including the beamstrahlung and ISR effects.  For this physics, the Muon Coliider has a 

distinct advantage over CLIC. The comparison is shown in Fig. 5.  

There are other approaches to new strong dynamics:  Topcolor, TC2, and Light 

Higgs models [9].  All of these would provide a rich spectrum of states that can be 

observed at a multi-TeV Muon Collider. 

 

28

Example:  Resonance Pr oduct ion
Resonance scans, e.g. a Zõ

Degener at e r esonances
e.g. D-BESS model

1 ab-1  M/ M ~ 10-4  & /  = 3.10-3

Can measur e M down t o 13 GeV

Smear ed lumi spect r um allows
st ill f or  pr ecision measur ement s

 

Figure 5: D-BESS model at CLIC.  CLIC energy resolution limits its ability to disentangle 

nearby states expected in models with new strong dynamics. 
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2.1.3.6 Contact Interactions 

New physics can enter through contact interactions, which are higher dimension 

operators in the effective Lagrangian as: 

 

(4)

 

The MC is sensitive to L ~ 200 TeV, roughly equivalent to CLIC.  Preliminary studies 

suggest that the forward angle block-out is not an issue here [11].  If polarization is not 

available at a MC, it may be at a disadvantage compared with CLIC in being able to 

disentangle the chiral structures of the new operators. 

2.1.3.7 Extra Dimensions 

These theories have extra dimensions that have a radius of curvature close to the 

Terascale.  For gravity and any other interactions that occur in the bulk (in extra 

dimensions) one expects an excitation spectrum of standard model particles arising from 

excited modes in the extra dimensions. 

From the perspective of energy frontier colliders, however, only the physics at the 

first (perhaps second) Kaluza-Klein (KK) mode will be relevant.  All kinematically 

allowed KK-mode resonances are accessible to a multi-TeV Muon Collider. These 

include the Z' and g' of the electroweak sector.  The precise measurement of the Z' and g' 
mass scales will determine the various electroweak symmetry breaking structures, and 

how these states couple to different fermion generations will determine bulk fermion 

localization.   

In theories such as the Randall-Sundrum warped extra dimensions models [12], the 

graviton spectrum contains additional resonances (KK modes) that can be probed by a 

Muon Collider as shown in Fig. 6.  
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Fig. 6.4: Left: KK graviton excitations in the RS model produced in the process e+ eīŸÕ+Õī. From the most narrow to

widest resonances, the curves are for 0.01 < c < 0.2. Right: Decay-angle distribution of the muons from G3 (3200 GeV)

ŸÕÕ.

The resonance spectrum was chosen such that theýrst resonance G1 has a mass around 1.2 TeV,

just outside the reach of a TeV-class LC, and consequently the mass of the third resonance G3 will be

around 3.2 TeV, as shown in Fig. 6.4. The
ã

s energy for the e+ eīcollisions of CLIC was taken to be

3.2 TeV in this study. Mainly the muon and photon decay modes of the graviton have been studied. The

events used to reconstruct the G3 resonance signal were selected via either two muons or twoɔôs with

E > 1200 GeV and |cosɗ| < 0.97. The background from overlaid two-photon events ð on average

four events per bunch crossingð is typically important only for angles below 120 mrad, i.e. outside the

signal search region considered.

First we study the precision with which one can measure the shape, i.e. the cand M parameters,

of the observed new resonance. A scan similar to that of the Z at LEP was made for an integrated

luminosity of 1 abī1. Theprecision with which thecross sections aremeasured allows one to determine

c to 0.2% and M to better than 0.1%.

Next we determine some key properties of the new resonance: the spin and the branching ratios.

The graviton is a spin-2 object, and Fig. 6.4 shows the decay angle of the fermions GŸÕÕfor the G3

graviton, obtained using PYTHIA/SIMDET for 1 abī1 of data, including theCLIC machinebackground.

The typical spin-2 structure of the decay angle of the resonance is clearly visible.

For gravitons as proposed in [7, 9] one expects BR(G Ÿɔɔ)/ BR(G ŸÕÕ) = 2. With the

present SIMDET simulation we get efýciencies in the mass peak (Ñ200 GeV) of 84% and 97% for

detecting the muon and photon decay modes, respectively. With cross sections of O(1 pb),ůɔɔandůÕÕ
can be determined to better than a per cent. Hence the ratio BR(G Ÿɔɔ)/ BR(G ŸÕÕ) can be

determined to an accuracy of 1% or better.

Finally, if the centre-of-mass energy of the collider is large enough to produce the ýrst three

resonance states, one has the intriguing possibility to measure the graviton self-coupling via the G3Ÿ

G1G1 decay [9]. Thedominant decay modewill beG1Ÿggor qľqgiving atwo-jet topology. Figure6.5

shows the resulting spectacular event signature of four jets of about 500 GeV each in the detector (no

background is overlaid). These jets can be used to reconstruct G1. Figure 6.5 shows the reconstructed

G1 invariant mass. The histogram does not include the background, while the dots include 10 bunch

crossings of background overlaid on the signal events. Hence the mass of G1 can be well reconstructed

and is not signiýcantly distorted by theɔɔbackground.

141

Õ+ÕīŸe+eī

 

Figure 6: Graviton KK modes in a Randall-Sundrum model. 
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2.1.4 Summary 

A multi TeV Muon Collider is required for the full coverage of Terascale physics.  

The physics potential for a Muon Collider at ~3 TeV and integrated luminosity of 1 ab
ï1

 

is outstanding.  Particularly strong cases can be made if the new physics is SUSY or 

new strong dynamics. Furthermore, a staged Muon Collider can provide a Neutrino 

Factory to fully disentangle neutrino physics. If a narrow s-channel resonance state 

exists in the multi-TeV region, the physics program at a Muon Collider could begin 

with less than 10
31

 cm
ï2

 s
ï1

 luminosity.   

Detailed studies of the physics case for a 1.5ï4 TeV Muon Collider are just 

beginning.  The goals of such studies are to: (1) identify benchmark physics processes; 

(2) study the physics dependence on beam parameters; (3) estimate detector 

backgrounds; and (4) compare the physics potential of a Muon Collider with those of 

the ILC, CLIC and upgrades to the LHC. 
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2.2 An Overview of Muon Colliders 

Robert B. Palmer, Richard Fernow 

Brookhaven National Lab, Upton, NY, 11973 

Mail to:  palmer@bnl.gov  

2.2.1 Introduction  

The idea of Muon Colliders was introduced around 1969 by Budker [1] and later 

developed by Skrinsky et al. [2]. Early U.S. design work on a Muon Collider was 

reported [3] at the Snowmass Workshop in 1996. Neutrino factories [4] use many of the 

same components, and will be discussed briefly in Section 2.2.2. 

Some advantages of muons for a collider, as opposed to electrons, are: 

1. Synchrotron radiation is proportional to E
4
/m

4
, and is thus strongly suppressed 

for muons, allowing muon acceleration and the collider to be circular and thus 

much smaller than a comparable energy e
+
e
ï
 collider (see Fig. 1). 

2. Because the Muon Collider is circular, muon bunches collide many times, 

allowing larger emittances and fewer leptons for a given luminosity. The number 

of such collisions is limited by the muon lifetime to approximately 150 <B>, 

where <B> is the average ring bending field in tesla. For an average field of 7 T, 

the lifetime corresponds to ~1000 turns, and thus this number of bunch crossings 

in each detector. In contrast, in an electron-positron linear collider the beams 

interact only once. 

3. In a circular collider ring, there can be more than one detector (two in our 

design), which effectively doubles the luminosity. 

4. Synchrotron radiation occurring during the bunch crossings (beamstrahlung) is 

strongly suppressed (proportional to E
4
/m

4
), resulting in a much smaller 

collision energy spread at a Muon Collider than at an e
+
e
ï
 collider. 

5. s-channel Higgs production is enhanced by a factor of (mɛ/me)
2
, i.e., by ~40,000. 

This makes the observation of such production practicable, whereas with 

electrons it is not. 

 

mailto:palmer@bnl.gov
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Figure 1:  A comparison of collider sizes with their approximate effective center-of-mass 

energies. 

 

But there are also challenges: selecting polarized muons is very inefficient; ring 

magnets and detectors must be shielded from decay electrons; acceleration and cooling 

must be very rapid to avoid decay losses; and, at higher energies, neutrino-induced 

radiation is a significant constraint.  

 

Parameters of two colliders under study are given in Table 1. 

Table 1: Latest machine parameters [5]. 

Parameter Unit Value 

Center of mass energy TeV 1.5 3 

Luminosity 10
34

 cm
ï2

 s
ï1 

1.25 4.4 

Beam-beam tune shift  0.087 0.087 

Muons per bunch 10
12 

2 2 

Muon power (both beams) MW 7.2 11.5 

Normalized rms emittance Ůx,y  mm mrad 25 25 

Normalized rms emittance Ůz mm mrad 72,000 72,000 

Repetition rate Hz 15 12 

Proton driver power MW 4 3.2 

 

The main collider components, numbered as in Fig. 2, include [6]: 

1) A high intensity 8 GeV proton source, and a buncher that forms intense 

(~2 × 10
14

 protons), short (~2 ns), bunches of protons at 15 Hz, with a total 

power of 4 MW 

 

2) A liquid-metal target, able to withstand the 4 MW beam, in a ~20 T hybrid 

solenoid (water-cooled copper coils inside superconducting coils) to capture the 

pions; and a string of tapered solenoids to transport them to a lower field decay 

region. 
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3) A system of RF cavities to bunch the muons and phase rotate them into a train 

with both muon signs. 

 

4) A system to separate the beam containing both signs into two beams, one of 

each sign.
1
  

 

5) An ionization cooling system for all six dimensions (6D), to reduce the 

emittances sufficiently to allow the multiple bunches to be merged. 

 

6) A system to merge the multiple bunches into single bunches, one of each sign.  

 

7) 6D re-cooling, of the now larger combined bunches, to the lowest technically 

feasible emittances. At this point, the transverse emittances are approximately 10 

times larger than is required, but the longitudinal emittance is approximately 100 

times smaller. 

 

 

 

Figure 2:  a) Schematic of a Muon Collider with numbered sub-systems (see text); b) 

longitudinal vs. transverse emittances from production to the start of acceleration. All 

components of this scheme have been simulated at some level, but with many caveats and 

without matching sections.  

8) A system to recombine the muons of the two signs, with suitable spacing. 

 

9) A final transverse cooling system using liquid hydrogen in high field (30ï40 T) 

solenoids, at low energies, to achieve the required final transverse emittance. At 

the required low energies, the longitudinal emittance rises rapidly due to the 

adverse dependence of energy loss on energy, but this is acceptable. 

 

                                                 
1 For one of the 6D cooling schemes (HFOFO Snake), this would be done later in the sequence. 
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10) Acceleration, initially in linacs, with frequencies first very low (using induction 

linacs), but rising (in normal conducting RF) as the bunches become shorter. 

When the RF frequency has risen to 201 MHz, superconducting cavities are 

employed. These linacs are followed by Recirculating Linear Accelerators 

(RLAs), and then one or more pulsed Rapid Cycling Synchrotrons (RCSs), or 

possibly further RLAs. 

 

11) The collider ring has two low-beta insertions for two detectors. It must be nearly 

isochronous to maintain the very short (1 cm) bunches with reasonable RF. 

Tungsten shielding, and/or open midplane bending magnets are needed to keep 

the decay electrons from heating and quenching the superconducting coils. The 

detectors also have special shielding from these decay electrons. The ring is 

deep underground to control neutrino-induced radiation. 

 

We will now briefly describe the Neutrino Factory, since it shares many of the 

above sub-systems, and will then discuss in more detail the individual systems in 

Sections 2.2.3ï2.2.15.  

2.2.2 Neutrino Factory  

The main components of a Neutrino Factory are the same as for a collider, but 

instead of a collider ring, a storage ring with long straight sections is used to provide 

intense neutrino beams. The bunch requirements are less severe: more smaller-intensity 

muon bunches can be used, and far less cooling is needed. The beam energies under 

discussion are in the range 4ï50 GeV compared with 0.75ï1.5 TeV for the collider.  

The Neutrino Factory is described in greater detail in Section 3.1. 

2.2.3 Proton Driver  

The assumed proton driver (Fig. 3) is an upgraded version of Project X [7]. The 

current concept is based on a 3 GeV, 1 mA CW linac feeding 3 MW to multiple target 

stations. For the Muon Collider, the CW linac would be upgraded to 5 mA, and would 

also feed a 3ï8 GeV pulsed linac giving 4 MW of proton power. This would be 

accumulated in one ring [8], and then bunched in a second ring, giving short trains of 

bunches at the required repetition rate of 15 Hz.   
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Figure 3: Schematic of Project X proton accelerator upgraded for use as a Muon Collider 

proton driver. 

Merging these short trains into single bunches in a ring appears impractical from 

space-charge considerations, so it is proposed to extract the bunches of the train into 

separate (trombone) transport lines of differing lengths so that they arrive on the target 

at the same time. They interact with the mercury target by passing through it at small 

angles, with each bunch of the train intersecting the jet from a different azimuthal angle. 

2.2.4 Target 

The target must withstand extremely high pulsed-beam heating. The use of solid 

targets seems very difficult, while the use of a liquid-metal jet appears more 

straightforward. The liquid, when hit by the beam, is ódestroyed,ô but the jet re-forms 

before the next proton bunch arrives. The demonstration of this concept in the MERIT 

experiment (see Sec. 2.2.16.1) at CERN [9] using a mercury jet and 24 GeV proton 

bunches with intensities of up to 30 Tp, gives us confidence in this solution.  

The pions produced in the target are captured in the 15 cm bore of a 20 T axial 

magnetic field generated by an inner copper coil, and an outer superconducting 

solenoid. Additional superconducting solenoids are used to taper the field down to that 

used in the decay channel and subsequent phase rotation. 

Figure 4 shows the cross section through a recent target system design [10] for a 

Neutrino Factory. The yellow sections are shields formed of tungsten carbide pellets 

cooled by flowing water. The blue elements are the mercury jet and a bath of liquid 

mercury that serves as a beam dump. The proton beam intersects the mercury jet at a 

small angle. For the Muon Collider, some modifications of this design will be required 

to allow multiple beams to intersect the jet. 
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Figure 4: Cross section through the target station. Magenta represents superconducting coils, 

red represents copper coils, and yellow is used for the water-cooled tungsten carbide shielding. 

2.2.5 Phase Rotation 

The pions, and the muons into which they decay, have an extremely wide energy 

distribution (rms dE/E ~ 100%), but they are produced in a relatively short interval of 

time as determined by the bunch length of the protons (~2 ns), plus a spread of the order 

of 1 ns from the decay kinematics. Such a huge bunch is hard to capture efficiently in an 

RF system, and difficult to transport or focus. It is convenient therefore to perform a 

phase rotation of that single bunch, with huge energy spread, but short duration, into a 

longer distribution with smaller energy spread, and to have this longer distribution in the 

form of a train of bunches at a convenient frequency of 201 MHz. 

Figure 5 shows schematically how the concept works [11]. The beam is initially 

allowed to drift for 56 m, where it develops an energy-time correlation. Then, a 32 m 

channel containing RF cavities bunches this distribution using frequencies that fall as a 

function of distance. This is followed by 36 m of further RF with phases and 

frequencies chosen to decelerate the faster bunches, while accelerating the slower ones. 

 

 

Figure 5: Concept of Neuffer phase rotation. 
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Figure 6 shows phase space plots both before (6a) and after (6b) the rotation. The 

red box encloses the 12 most intense sub-bunches that can be merged after initial 6D 

cooling. It is seen that after phase rotation these bunches have a much smaller energy 

spread but are spread over a longer time interval. 

 

 
 

Figure 6: Phase plots of muons: a) shortly after their production; and b) after rotation. The red 

box at right covers 12 bunches that can be combined later in the system. 

2.2.6 Charge Separation 

Two of the 6D ionization cooling methods described later in Section 2.2.8 (RFOFO 

Guggenheim, or Helical Cooling Channel) require separate channels for the two signs of 

muons. Whichever method is used, it is necessary to first separate the charges. 

Figure 7a shows a schematic of a system using bent solenoids for the separation 

[12]. An initial bend in the x-z plane generates dispersion in the y direction, displacing 

the positive and negative beams above and below the x-z plane. A septum then divides 

the beams of the two charges into two separate bent solenoids, one above the other. One 

of these immediately bends the beam back to its original direction in the x-z plane, 

correcting its dispersion. The second solenoid containing the other charge is extended 

straight for a distance, and then it too bends the beam back to the original direction, but 

now displaced in x from the beam of the other sign. 

 

 

Figure 7: Charge separation: a) schematic of bent solenoids; b) emittance growth and losses vs. 

momentum of beams. 

The main difficulty in this method is that no RF can be inserted during the 

operation, since RF would disturb the momenta and thus the subsequent dispersion 
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correction. Without RF, the bunch length grows, and muons can fall out of the 

following RF bucket and be lost. Use of higher solenoid fields and tighter bends reduces 

the path length and thus the resulting bunch length growth. Unfortunately, higher fields 

and stronger bends can cause non-linearities that increase the transverse emittances. 

Both these effects can be reduced if the momentum is increased, as shown in Fig. 7b. 

Alternatively, 6D cooling could be started using the method that accepts both signs 

(the Helical FOFO Snake), and the charge separation done later when the emittances are 

smaller. This option is under study. 

2.2.7 Introduction to Transverse Ionization Cooling 

Electrons can be cooled using synchrotron radiation. Protons are cooled by 

stochastic methods or by interactions with a co-moving cold electron beam, but these 

methods are all too slow to cool muons with their limited lifetime. Only ionization 

cooling [13] appears feasible. Muons passing through an absorber lose momentum in 3 

directions (see Fig. 8), while only the longitudinal momentum is restored by RF. This 

cooling is competing with growth from Coulomb scattering. In the linear case, the 

equilibrium emittance in this process is given by 

 

   
(1) 

where 

  

.

 

(2) 

 

C(mat,E) depends on the absorber material and the muon energy and is smallest for 

hydrogen, followed by helium, lithium hydride and then lithium. It actually has a 

maximum value (see Fig. 9a) near the 200 MeV/c momentum commonly used in 

cooling channels. The choice of such a momentum is driven by a) using the least 

amount of re-acceleration, and b) avoiding the increase of longitudinal emittance from 

the negative slope of energy loss with energy at lower momenta (see Fig. 9b). 

 

 
 

Figure 8: Transverse ionization principle. 
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Figure 9: a) The constant C( mat, E) for hydrogen and lithium vs. muon kinetic energy; b) 

relative energy loss vs. muon kinetic energy. 

 

From Eq. 1, one might assume that the strongest focusing, and thus lowest value of 

ɓx,y would always be preferred, but as ɓ falls, the angular spread of the beam grows, 

making it very hard to avoid focusing non-linearities. It is thus desirable to lower ɓ only 

as the emittance falls, keeping the ratio ɓ/Ů approximately constant. This requires a 

ótaperingô of the cooling channel to yield the highest cooling efficiency. 

2.2.8 Six-dimensional Cooling Before Merge 

2.2.8.1 Introduction 

In some earlier designs, it was proposed to have some linear transverse cooling after 

the phase rotation and before any 6D cooling. However, this is not efficient. Straggling 

in such a channel causes the longitudinal emittance to rise, resulting in particles falling 

out of the RF bucket. It is significantly more efficient to go from the phase rotation 

straight into a 6D cooling lattice with appropriately large acceptance. 

From the shape of dE/dx vs. energy (see Fig. 9b), ionization loss gives very weak 

cooling of dE/E at high energies, and thus very weak longitudinal cooling. At low 

energies it gives strong dE/E heating, which is why initial cooling is done at 

intermediate energies, around 130 MeV. In order to get significant reduction of dE/E, 

and thus significant longitudinal cooling, we employ geometries with dispersion that 

pass higher energy tracks through more ionizing material than low energy tracks. 

Figure 10 shows schematically the three ways that this can be done. 
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Figure 10: Emittance exchange methods: a) using dispersion and a material wedge; b) using 

path length differences in a material-filled magnet; c) using angular dispersion and a material 

slab. 

2.2.8.2 RFOFO Guggenheim 

The first method (Fig. 10a) is used in the RFOFO cooling channel [14] shown in 

Fig. 11a. Transverse focusing is provided by pairs of opposite polarity solenoids that 

surround the RF cavities. Dispersion is generated by tilting these solenoids such as to 

cause the orbits to form a gentle upward, or downward, helix. This helix arrangement is 

referred to as a ñGuggenheimò geometry. Wedge-shaped hydrogen absorbers are placed 

at minima of the beta functions. Dispersion at these absorbers gives the required 

emittance exchange and allows, together with the still present transverse cooling, 

cooling in all six (6D) dimensions. Simulations [15] of this method are shown in 

Fig. 2b. These simulations used fields from a helical arrangement of technically 

plausible, superconducting coils. 

 

 

Figure 11: 6D cooling lattices:  a) Guggenheim RFOFO; b) Helical Cooling Channel (HCC);  

c) Helical FOFO Snake. 

In principle, an RFOFO lattice can be used in a ring instead of in a Guggenheim 

helix geometry, with kickers to inject and extract from the ring. However, to provide 
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adequate tapering, many rings would be needed. The kickers would be difficult and 

heating of the absorbers could become a problem. But the cost might be less, and ring 

cooling with an RFOFO or another lattice could be practical, especially after the 

emittance has fallen, and the bunches have already been merged. 

This cooling method uses vacuum RF cavities in solenoidal fields up to ~5 T. A 

solution to the breakdown problem in such cavities (see Sec. 2.2.16.3) is essential. 

2.2.8.3 Helical Cooling Channel (HCC) 

The second method for emittance exchange (Fig. 10b) is the óHelical Cooling 

Channelô (see Fig. 11b). The helical fields are generated by solenoid coils surrounding 

the helical beam trajectories [16]. An outer linear solenoid, not shown, is also 

sometimes needed to get the desired fields. The resulting orbits have longer paths for 

higher momenta than lower. When the beam pipe is filled with high-pressure hydrogen 

gas, the higher energy muons lose more energy than the lower, giving the required 

emittance exchange and thus the required 6D cooling. 

The simulated performance [17] of the HCC is somewhat better than that of the 

RFOFO Guggenheim: it has larger acceptances, lower losses and uses less orbit length.  

The better performance probably arises from the continuous nature of the focusing, and 

benefits from gradient as well as solenoid focusing. In addition, the HCC has been more 

successful at getting adequate emittance exchange. Simulations have been performed 

with the helical field derived from analytic models and, in addition, by summing the 

fields of solenoids in the helical solenoid configuration shown in Fig. 11b. A technically 

plausible engineering design for integration of the superconducting coils and RF 

cavities, with suitable thermal separation and high pressure gas enclosure remains to be 

established. 

This cooling method uses high pressure hydrogen gas in the RF, which is in 

solenoidal fields up to 15 T or more. Experiments have shown that the magnetic field is 

not a problem, but it remains to be shown that running intense ionizing radiation 

through the gas in high RF fields does not cause a problem (see Sec. 2.2.16.3). 

Experiments to study this have recently begun. 

2.2.8.4 Helical FOFO Snake 

Both of the above methods work for only one sign of muons, thus requiring the 

charge separation discussed in Section 2.2.6. The third method, the Helical FOFO Snake 

(see Fig. 11c), works simultaneously for both signs [18] by using smaller amplitudes of 

the helices, and parallel-faced hydrogen absorbers. The use of parallel-faced absorbers 

still generates emittance exchange by strong resonant angular dispersion that gives 

longer paths in the material for higher momentum tracks (see Fig. 10c). 

2.2.8.5 Choice of 6D Cooling Method 

Simulations of both the Guggenheim and the Helical Cooling Channels have 

achieved similar, very small emittances. The Helical FOFO Snake has currently been 

simulated only for larger initial emittances, but its use there would delay the need for 

charge separation, save hardware, and avoid the need for higher energies at the charge 

separation. 

The choice between RFOFO Guggenheim and Helical Cooling Channel will depend 

on both experimental and simulation results. The vacuum RF used in the RFOFO 
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Guggenheim must operate in magnetic fields that have shown breakdown problems 

(Section 2.2.16.3). The beams in the Helical Cooling Channel pass through gas in the 

RF cavities, whose effect is not yet known, although currently under study. In addition, 

the relative costs and technical difficulties in the two methods have yet to be 

determined. 

Although the three methods discussed above have been the most thoroughly studied, 

some simulation work has also been done on other methods for 6D cooling, including 

dipole-solenoid cooling rings [19] and anti-cyclotrons [20]. 

2.2.9 Merge 

2.2.9.1 Introduction 

The phase rotation system, discussed in Section 2.2.5, generated 12 bunches that 

were then cooled in six dimensions. The collider luminosity depends on the square of 

the number of muons per bunch, so it is desirable to merge these bunches into single 

bunches, one of each sign. After the merge, the emittances of the merged bunches will 

inevitably be greater, but they can now be re-cooled through 6D cooling channels 

similar or identical to those used before the merge. 

2.2.9.2 Simple Longitudinal Merge 

A simple way of merging [21] uses helical channels similar to those used in the 

HCC. An energy chirp is introduced in the bunches by 40 m of low gradient (1 MV/m) 

270 MHz RF. The bunches are then allowed to drift without RF for a further 60 m. At 

this point the bunches are stacked in energy, all at the same time, and can be captured 

by 201 MHz RF, similar to that used at the restart of 6D cooling. The final longitudinal 

emittance is similar to that at the start, so re-cooling could be done in the same, or a 

similar 6D cooling channel. Figure 12 shows simulation of phase spaces in this 

longitudinal merge. 

 

 

Figure 12:  Simulation of phase spaces in a longitudinal merge: a) at end of first 6D cooling; 

b) after 40 m with 1 MV/m RF; c) after 60 m further drift; d) after capture with 201 MHz, 

10 MV/m RF. 
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2.2.9.3 6D Merge 

A problem inherent in the above simple longitudinal merging is that, after the 

merge, the relative longitudinal and transverse emittances do not naturally match into 

the following re-cooling. The longitudinal emittance is too large, while the transverse 

emittance, if not diluted, remains very small. 

This problem can be removed by performing the merge in all 6 dimensions [22]. The 

merged bunches then have emittances very close to those in the first channel at a point 

well along that channel. A schematic of a method for this is shown in Fig. 13a. Lower 

frequency RF is used to combine groups of three bunches (Fig. 13b), reducing the total 

number of bunches from 12 to 4. A kicker is then used to send the four bunches into 

separate transports bringing them, all to the same time, but in four different transverse 

positions (Fig. 13c). When captured into a single channel, their transverse and 

longitudinal emittances are larger by similar factors, with none being increased as much 

as in the simple longitudinal merge. Figure 2b showed a simulation using a 6D merge, 

although that example used a merge of 21, rather than 12 bunches, resulting in greater 

increases in emittances than would a 12-bunch 6D merge. 

 

 

Figure 13: 6D merge: a) Schematic: the initial longitudinal merge combines groups of three, of 

the initial 12, into 4 combined bunches; followed by a transverse merge that combines the four 

into one; b) Longitudinal phase space before (black) and after merge (red); c) Four beams 

transverse locations before recapture into one. 
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2.2.10 Six-Dimensional Cooling After Merge 

In the simulation shown in Fig. 2b, the six-dimensional cooling after the merge is 

taken down to lower emittances than in the cooling before the merge [15]. These 

simulations did not include any space charge effects. But analytic space charge 

estimates for the lower final emittances, combined with the greater number of muons in 

the single bunch, show significant space charge defocusing. In the transverse directions, 

this is not serious because of the very strong transverse magnetic focusing. But in the 

longitudinal direction, the analytic calculations show longitudinal defocusing several 

times larger than the RF focusing. Clearly, the simulation needs to be redone including 

space charge, and further parameter changes will undoubtedly be required. Increasing 

the frequency and gradient of the RF will  help, but the final bunch lengths, and 

longitudinal emittances, will probably not be as small as plotted in Fig. 2b. 

2.2.11 Final Transverse Cooling 

2.2.11.1 Introduction 

At the end of the 6D cooling, the transverse emittance is still about 10 times larger 

than that required for the design luminosity, but the longitudinal emittance is almost 100 

times lower than is needed. This allows an approach to the final cooling that permits the 

longitudinal emittance to rise. 

Such a situation is reached if cooling takes place at very low energies, where the 

equilibrium emittances are lower for two reasons: a) at lower momenta, the focusing 

from a given field is stronger, and b) the ionization energy loss dE/dx is greater, 

lowering the constant C(mat, E) in Eq. 2. Figure 14a shows the equilibrium emittances 

in hydrogen for three assumed solenoid fields, as a function of the muon energy. It is 

seen that the needed equilibrium emittance (about half of the final emittance required) is 

reached for any of the magnetic field values considered, but at ever lower energies as 

the field is reduced. Of course, the lower the energy, the greater the slope of dE/dx vs. E, 

and the greater the increase of longitudinal emittance. 
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Figure 14: a) Equilibrium transverse emittance vs. energy for cooling in hydrogen in 30ï50 T 

solenoid fields; b) relative energy loss. 

2.2.11.2 System of Cooling in 30ï50 T Solenoids 

The proposed final cooling system [23] comprises a dozen or so stages. Each stage 

(see Fig. 15) consists of a high-field, small-bore solenoid, inside which the muons pass 

through a liquid-hydrogen absorber. Between each solenoid there is RF to reaccelerate 

and phase-rotate the muons, giving the required energy and energy spread for the 

following stage. The required RF frequencies are dictated by the ever increasing bunch 

lengths. The gradients assumed and RF types are shown on Fig. 16. There is also a field 

reversal to avoid an accumulation of canonical angular momentum. 

For each stage, the initial energy, energy spread, and absorber length, are adjusted to 

minimize the ICOOL simulated negative slope of the ratio of longitudinal to transverse 

emittance. The resulting longitudinal and transverse emittances for optimized sequences 

using three fields are shown in Fig. 17. 

We note that the 50 T case more than achieves our requirements, whereas 40 T just 

meets them and 30 T just misses. We expect that 30 T could likely be made acceptable 

with some adjustment of parameters. We adopt 40 T for the current design, with the 

option of accepting fields somewhat less if the R&D (discussed in Section 2.2.16.4) 

indicates that we must do so. 

Figure 18 shows the relative lengths of components for the sequence using 40 T. 
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Figure 15:  Schematic of two stages of Final Cooling. 

 

 

Figure 16:  Frequencies and gradients of assumed RF systems used for re-acceleration. 

 

 

Figure 17:  Longitudinal vs. transverse emittances for sequences of stages using three solenoid 

fields. 

 


