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Abstract. In 1992, a new study of /..1 +/..1- colliders was started at a workshop at Napa, 
California. Subsequently, many problelms have been solved except for two: (1) The 
best cooling system to use for the machine and (2) the real particle physics needs of 
such a machine. We argue here that these two issues are related and that the only 
compelling scientific argument today is for a /..1+/..1- collider Higgs factory. We show 
that a 4-leV collider may not even be the correct high-energy range based on the 
possible future observations at the LHC and the NLC and the Higgs factory. Such a 
collider requires very cold J..1± beams and will select the cooling method. 

INTRODUCTION 

A Jl+Jl- collider offers some compelling particle physics opportunItIes at a 
tradeoff with immense technical problems (1,2). This is very similar to the situation 
for the pp collider where the scientific goals were clearly the W,Z discovery by 
Rubbia, McIntyre, and the author (3). The technical problem was to cool, store, 
reinject, accelerate, and collide the rare antiprotons, and this was a tour de force of 
accelerator physics carried out by the CERN and FNAL accelerator teams. 

What are the similar scientific goals for a Jl+Jl- collider? Some would say that 
we should blindly go to the highest energy (i.e., 4 TeV). However, unlike 1976, 
there is no clear physics advantage of this energy, and the LHC will already have 14 
TeV in the center ofmass with a very high luminosity and years ofdetector operation 
before any 4-Te V Jl+Jl- collider could be built. Current theory is very restrictive, 
suggesting that all new physics will occur below or at 1 Te V and, thus, this could be 
observed or totally rejected by 2010. In which case one may need 40 TeV or 400 

1Presented at the symposium on Future High Energy Colliders, Pan. '96 Sym 2 (Santa Barbara., CA. October 21-25. 
1996) and to be published in the Proceedings by AlP. 
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In the next section, we discuss the Higgs collider, followed by our scheme to 
produce ultracold Jl± beams for the Higgs collider. Finally we give our conclusions. 

A ,...+,...- COLLIDERHIGGS FACTORY 

Recently there has been a great deal of activity concerning ~+~- colliders, starting 
with the Napa workshop in 1992 (4,5). We have proposed that such a collider is very 
useful to study the scalar sector of the electroweak interaction (2). In this brief 
report, we discuss the arguments for a Higgs factory (see Table 1). 

The strongest argument for the low-energy 250 x 250-Ge V collider comes from 
the growing evidence that the Higgs should exist in this low-mass range from: 

1. The original works ofCabibbo and colleagues (6), which shows that, when mt 
> M z and assuming a grand unification theory (GUT), MH < 2 M z (6); 

2. Fits to LEP data imply that a low mass hO could be consistent with m > 150t 
GeV (7); 

3. The extrapolation to the GUT scale that is consistent with SUSY also implies 
that one of the Higgs should have a low mass, perhaps below 130- 150 Ge V 
(7). 

This evidence implies the exciting possibility that the Higgs mass is just beyond the 
reach of LEP II and in a range that is very difficult for the LHC to detect (1). 

We expect the supercollider LHC to extract the signal from background (i.e., 
seeing either hO yy or the very rare hO JlJlJlJl in this mass range, since h -+ bb is-+ -+ 

swamped by hadronic background). However, detectors for the LHC are designed 
to extract this signal. Figure 1 gives a picture of the various physics thresholds that 
may be of interest for a Jl+Jl- collider. In this low mass region, the Higgs is also 
expected to be a fairly narrow resonance and, thus, the signal should stand out clearly 
from the background from 

~ + ~ - -+ y -+ bb -+ Ztail -+ bb (1) 

For masses above 180 GeV, the dominant Higgs decay is 

(2) 

and the LHC should easily detect this Higgs particle. Thus the JlJl collider is better 
adapted for the low mass region. The report of Barger et al. is very illuminating 
regarding the physics potential of a ~LJl collider (see Table 2) (1,7,8). 
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TABLE 1. Arguments for a ~+I-{ Collider Higgs Factory 

1. 	 The m~me ratio gives coupling 40,000 times greater to the Higgs particle. In the SUSY 
model, one Higgs "'h < 120 GeV!! 

2. 	The low radiation of the beams makes precision energy scans possible. 

3. 	The cost of a "custom" collider ring is a small fraction of the ~± source. 

10334. 	 Feasibility report to Snowmass established that ~ - cm-2 S-1 is feasible. 
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FIGURE 1. A ~+~- collider Higgs-factory concept. The Higgs is discovered at the LHC 
(CMS) and '~he width further reduced at the NLC or at a ~+~- collider. The final stage is to 
scan for the Higgs at the ~+~- collider. Existing models can be distinguished by their widths. 
[Adapted from (7) (BBGH =Barger, Berger, Gunion, Han) and (9).] 
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TABLE 2. The Scalar Sector 

With a high-mass t quark, precision LEP/SLD data and the theorists' dreams of a SUSY 
world, the scalar (pseudo-scalar sector) is possibly very complex and may require several 
types of colliders.8 Consider: 

• 	If the low-mass Higgs has m> 130 GeV, MSSM is not allowed. 

• 	If m> 200 GeV, there are constraints from the requirement that perturbation theory be 
useful up to very high energy and from the stability of the vacuum. 

• 	If m < 130 GeV, MSSM is possibly ok, but we may expect other particles (H, A), and the 
width of the low mass Higgs may change. 

• The scalar sector may be extremely complex, requiring pp (LHC) and 1J+\.f colliders (and 
possibly NLC and yy colliders). 

• 	In high energy collisions, vector states are allowed unless a special method is used. 
Consider IJ+IJ- colliders with polarized IJ±: 

+ _ (100-500) GeV - scalars (H, A, ... ) W+W< 
Jl Jl 

~ 	2 + TeV ZO ZO production in scalars 

This cannot be done for pp or e+ e- colliders. 

• A IJ+IJ- collider is complimentary to the LHC/CMS detector. 

Scan for Higgs Mass and Width: SUSY or Not 

In this section, we assume for the sake of argument that the CMS detector at the 
LHC has barely detected a signal at m - 130 GeV (hO -+ yy) and at an experimental 
width of -8 Ge V (Step 1, illustrated in Fig. 1). The question will now be 

1. Is this a Higgs boson or not? 

2. Is it the standard model Higgs or a SUSY Higgs? 

We envision the next step would be to construct the ~+~- collider operating between 
the energies of E~/~- - mho (CMS) and E~+~- '" mz + mho (CMS) or the use of the NLC 
to observe e+e- -+ ZOho (10). We build the ~+~- collider (after already having built 
a ~± source), and for Step 2 operate near the ZO + hO (CMS) threshold to detennine 
mhO and rhO to - I GeV. (See Fig. 2 for the cross sections.) For Step 3, we envision 
an energy scan of the mass region by varying the ~+~- energy (1,9). At some point, 
the mass and width are detennined and then used to distinguish between the standard 
model Higgs and a SUSY Higgs (Fig. 3). 

The final step is to measure the branching fractions for different decay modes 
(6,7). Figure 4 shows the expectations for the standard model Higgs. 
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FIGURE 2. Cross sections versus m for inclusive standard-model Higgs production: 
(i) the s-channel 0h for ~+~f - hSM with 

h

R=0.01 %, 0.06%, 0.1 %, and 0.6%; and (ii) o(~+~
- Zh ) at {S = mz + 12 mh . Also shown is the result for R =0.01 % if bremsstrahlung 

SM SM 

effects are not included. [Adapted from (7).] 
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FIGURE 3. The effective cross section, 0h' obtained after convoluting 0h with the Gaussian 
distributions for R =0.01 %, 0.06%, and 0.1 %, is plotted as a function of {S taking mh =110 
GeV. Results are displayed in the cases hSM' hO with tan ~ = 10 and =20. In the MSSM hO 
cases, two-loop/RGE-improved radiative corrections have been included for Higgs masses, 
mixing angles, and self-couplings assuming = 1 TeV and neglecting squark mixing. The 
effects of bremsstrahlung are not included in this figure. [Adapted from (7).] 
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FIGURE 4. Machine requirements for Higgs scan (11). 

Polarized Collider 

The most interesting question now in particle physics is associated with the origin 
of mass. It is generally assumed that the exchange of fundamental scalar particles, 
called the "scalar sector'" is somehow responsible for this. For super-symmetry 
modes, this scalar sector is even more complex and interesting (see Table 2) (11,12). 

In this section, we highlight one of the most interesting goals of a Jl+Jl- collider: 
the discovery ofa Higgs boson in the mass range beyond that to be covered by LEP 
I & II (- 80 - 90 Ge V) and the natural range of the supercolliders. 

There are several ways to determine the approximate mass of the Higgs boson in 
the future (10). Suppose it is expected to be at a mass of 135 ± 2 Ge V, the energy 
spread of a Jl+ Jl- collider can be matched to the expected width (see Fig. 5). An 
energy scan could yield a strong signal to background especially with polarized 11+Jl

in the scalar configuration [11,12]. Once the Higgs is found, the following could be 
carried out: 

1. 	 Measurement of width, to separate standard-model Higgs from SUSY or other 
Higgs models (6,7), 

2. 	Measurement of the Branching fractions, the rare decay will involve loop 
effects that can sample very high energies. 

Polarization will play an essential role for any 11+11- collider (12, 13)! 
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FIGURE 5. Polarization vs the fraction, FIJ' of muons accepted (solid line: polarization at 
source; dashed line: after cooling) (8). 

Polarization is natural for Jl± since they are produced in weak decays and are 
initially fully polarized because of this V-A interaction. There are three proposed 
methods for producing intense polarized Jl± beams: 

• Accelerate polarization and cool the 1t± (A. Skrinsky et al.) (14), 

• Use r decays and "narrow-band neutrino-like beam," and 

• Use pion decays and a short proton bunch (9). 

Figure 5 shows the tradeoff between intensity and polarization in one of these 
schemes (9,12,14). This is one of the major areas of research for Jl+Jl- colliders. 

Some Examples of Possible 11+11- Colliders for Higgs Factories 

At the Snowmass '96 meeting, the U.S. Jl+Jl- collider consortium presented a 
feasibility design of a Jl+Jl- collider (9). The important point is that ~ ,.., 1033 cm-2 s-1 
was shown to be possible for this collider. We consider this an existence of proof of 
sorts. This collider is complex, the simplest part being the actual storage ring for the 
)l+Jl- collisions. It is important to note that this collider ring is likely a minor part of 
the cost of the overall complex. 
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There are other possible ~+~- collider designs that may serve as a Higgs factory. 
These designs differ by either the assumptions about the ~± cooling method or the 
type of overall collider. Figure 6(A) shows a schematic design for a II+ll- collider in 
Japan that uses the high-current 50-GeV accelerator now being designed for KEK 
(15). The cooling method is by frictional cooling of low-energy ll± beams. 

Figure 6(B) shows a scheme worked out by the author and A. Bogacz, which uses 
crystal channeling for both the cooling and the collisions (16). In the latter case, if 
the ll± can be confined to a crystal channel (- 10 - 30 A) then high luminosity can 
be achieved using modest ll± intensities, greatly reducing the background and 
possible cost of the Higgs factory. 

A hypothetical schedule for a Higgs-factory II+~- collider is given in Table 3, 
which is of course entirely the author's own viewpoint. 

FINAL COOLING 
CRYSTAL 

COUIDER 1. f:'{LASMA LENS 

( A ) 


rnO(:)\
\> 9p,L 

D' 

( B ) 

FIGURE 6. Collider concepts: (A) Japanese ~+IJ- collider (15); (8) Crystal quantum collider 
(16). 

TABLE 3. Possible Scheme for a ~+~- Collider Higgs Factory 

- 2003: Start construction of ~± source. 

- 2006: First observation of hO in eMS (ATLAS). 

- 2007: Design final collider; start construction. 

- 2009: Higgs factory operates; scan for he. 

- 2010: - 105 hO in direct channel. 
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FINAL CRYSTAL COOLING TO REDUCE THE BEAM 

CURRENT AND DETECTOR BACKGROUNDS FOR A J.1+J.1

COLLIDER 


Over the past four years the possibility of a real ~+~- collider has gained interest 
(1,17,18). With the Proceedings of the 1995 San Francisco conference (8) and the 
"Snowmass Book" (9), the design goals have gained even more credibility. 
However, there are several serious problems still remaining: 

1. 	The high backgrounds in the detector from ~± decay products (1,17,18), 

2. 	The very high ~± content in the final collider (- 5 x 1012 ~± per bunch), 

3. 	The relatively poor reduction of the phase-space using medium energy 
ionization cooling (18), and 

4. The current high cost of the source due to the large yield of ~± required to 
reach high luminosity. 

Most of these problems can be partially cured if the number of Jl± required to produce 
high luminosity can be reduced. 

Over the past few years we have studied the use of crystal channels for cooling 
(19,20) and even for a ~+Jl- collider that would use bent-crystal beam confinement. 
Here, we show how crystal cooling for the high-energy ~± beams could result in a 
dramatic decrease in the beam emittance and, therefore, provide high luminosity with 
a substantially reduced beam intensity and backgrounds of ~± in the storage ring 
(1,17). Also, reducing the beam emittance at high energy helps the relatively poor 
low-energy beam cooling (12). Finally, the lower yield of Jl± reduces the required 
proton current in the Jl± source, thus possibly reducing considerably the cost of the 
overall ~+Jl- collider (8). 

We now tum to a discussion of the cooling concept. Our model calculation, 
presented here, shows that one can decrease the normalized emittance to less than 
EN = 10-8 mrad by passing the muon beam through a cascade of many cooling 
modules. 

Crystal-Channel Beam Cooling 

We .consider motion of planar channeled particles in a crystal,which is bent 
elasticity in a direction perpendicular to the particle velocity and to the channeling 
planes. The effect of bending introduces a centripetal force to the equation of 
transverse motion (21) (by adding a linear piece to the crystal potential), which is 
equivalent to lowering one side of the continuum potential well and raising the other. 
The equilibrium planar trajectory moves away from the midpoint of the planar 

9 




channel toward the plane on the convex side of the curved planar channel. However, 
such a shift would cause some fraction of the channeled particles to leave the 
potential well (dechannel) (22). The curvature at which no particle can remain 
channeled is reached when the equilibrium point of planar channeled motion is 
shifted to the position of the planar wall on the outside of the curve. This critical 
radius of curvature, known as the Tsyganov radius (23), PT, is 

2£ 
(3)PT = 4>: ' 

where 4> = 6 x 1012 Ge V m -2 is a material constant, related to the curvature of the 
potential well (24), and a is the distance between adjacent atomic planes (::::2 A). 

Using a simple fonnula linking equivalent magnetic bending field, B, with the 
trajectory's curvature, p, namely 

B[tesla] x PT[m] = 3.34 x £~[GeV] , (4) 

one can calculate the maximum available equivalent bending field corresponding to 
the Tsyganov curvature. From Eqs. (3) and (4), this field is given by 

BT[tesla] = 3.34 x (l/2)4>a . (5) 

Its numerical value for silicon is evaluated as BT = 2 x 103 tesla. We note in passing, 
that the maximum bending field is energy independent. 

Here we propose a fast muon-cooling scheme based on the ionization energy loss 
(25) experienced by high-energy muons (25 GeV) channeling through an Si crystal. 
Applying classical theory of ionization energy loss (4(A)), a relativistic (y) charged 
particle passing through an Si crystal of length, ilL, loses total energy of ilE[MeV] 
= 4 x 102 

x ilL[m]. One can introduce a characteristic damping length, A, 

I I ilE 
(6)

A Ell ilL 

over which the particle loses all its energy. Relativistic muons passing though the 
crystal lose energy unifonnly in both the transverse and longitudinal directions 
according to Eq. (6). After passing through a short section of a crystal (ilL « A), 
muons are re-accelerated longitudinally to compensate for the lost longitudinal 
energy. This leads to the transverse emittance shrinkage. 

Introducing nonnalized transverse emittance, EN = Y ax ax" one can write the 
nonnalized emittance budget in thefonn of the following -coolinglheating equation: 

(7) 
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The last term in the above equation accounts for transverse heating processes 
contributing to the beam divergence increase according to the following relationship 
(24): 

llEN) = ~yp ll(8rscatt (8)( 
Mscan 2 M 

Here Pis the beta function of a focusing crystal channel, which has an enormously 
small value (P = 2 x 10-6 m, for 25-GeV muons channeling through a silicon crystal). 

For muon channeling in a dielectric crystal, the dominant scattering process 
comes from elastic (Rutherford) muon scattering off the conduction electrons present 
in the channel. One can integrate the Rutherford cross section over the solid angle, 
which yields the following formula: 

(9) 

1029Here r11 = 1.4 x 10-l7 m is the classical muon radius and n = 6 x m-3 is the 
average concentration of the conduction electron gas in silicon crystal. 

Integrating the cooling equation, Eq. (7), one obtains the following compact 
solution in terms of the normalized transverse emittance evolution: 

(10) 

The last term in Eq. (10) sets the equilibrium cooling limit of 

EY:,r = Aa , L -+ 00 (11)• 

Assuming 25-GeV muons, one gets A = 62.5 m and the equilibrium limit of the 
normalized emittance of 

(12) 

This value of the normalized emittance will be used in our achievable luminosity 
estimate. 

Bent-Crystal Cooling Ring 

Berewe employ previously discussed properties of the planar channeling of high 
energy muons in silicon to design components of a storage ring. Particularly, we are 
interested in a section of bent crystal followed by two straight pieces providing 
alternating horizontal- vertical focusing. A basic guiding cell is depicted 
schematically in Fig. 7. It can be noticed that the induced configuration of guiding 
fields in this element is equivalent to a powerful alternating gradient achromat. 
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FIGURE 7. Layout of a cooling ring consisting of 50 bending-focusing-acceleration multi

functional cells. A straight piece of Si crystal rotated by 90 0 separating two sections of bent 

crystals provides vertical focusing, which maintains betatron phase stability in the proposed 

lattice. Conventional rf, 40-cm-long inserts (20 MeV/m) follow every 2-cm-long section of Si 
2crystal absorber. (E~ =25 GeV, kh = ky = 180 m- , 8 =2n x 10-2 rad, rf grad = 20 MeV/m) 

Relativistic muons channeling through an Si crystal are confined between two 
neighboring atomic planes - they experience strong focusing electrostatic crystal 
potential in the direction perpendicular to these planes, while there is virtually no 
confinement in the direction parallel to the planes (no focusing or defocusing). The 
focusing gradient, k = liP, is equivalent to the magnetic quadrupole strength, kl 
(magnetic gradient), where 

_ I aBy
k} - --- ( 13) 

Bp ax 
and 

k = ~ (14)
E 

J.I 

E~ is the total muon energy and <P = 6 x 1012 Ge V m -2 is a material constant, related 
to the curvature of the potential well. Assuming 25-Ge V muons, crystal focusing 
gradient, k, yields an enonnous value of 180 m-2

, exceeding conventional quadrupole 
strength by four or five orders of magnitude. 

As discussed previously in "Crystal Channel Beam Cooling," the crystal can be 
bent slightly, so that channeling muons follow the curvature of the guiding field, 
which results in bending of muon trajectories similar to the effect of a bending 
magnetic field. Projecting experimental results for proton channeling in a bent 
silicon crystal, one can assume that 25-GeV muons channeling through a 2-cm-Iong 
crystal should follow (without significant dechanneling effects) a bend of 8 = 21t x 

10-2 rad (compared with the critical bending angle 8T = 2 x 10-1 rad). The lattice 
design presented here is based on these two numbers, k and e. 

Figure 7 illustrates a functional bending- focusing cell, where alternating sections 
of the horizontal and vertical continuous focusing channels are combined with 
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sections of horizontally bent Si crystals. The following is the sequence of crystal 
elements: a horizontally focusing bent crystal (2-cm long) - a short drift space - a 
conventional rf re-acceleration section (40-cm long) - a short (2-cm long) vertically 
focusing straight crystal - a short drift space - another conventional rf re
acceleration section (40-cm long) - and finally, a horizontally focusing bent crystal 
(2-cm long) followed by a conventional rf re-acceleration section (40-cm long) 
completes the proposed elementary cell. At 25 GeV, one could close the entire 
collider ring using 50 of the above FhOF yOFhO cells. For a sequence of the above 
described cells, one can find periodic betatron trajectories in both the horizontal and 
vertical planes - the betatron phase stability is provided by the proposed lattice 
configuration (alternating horizontal/vertical focusing). By virtue of [110] planar 
channeling, discussed in detail in the previous section, a crystal channel provides an 
ultra-strong electrostatic focusing gradient in the [110] direction with practically no 
confinement or defocusing in the plane perpendicular to the [110] direction. This 
fact guarantees both local and global decoupling of the horizontal and vertical 
betatron motions for the proposed collider lattice. 

Practical realization of muon cooling at 25 Ge V could be done in a compact 
"cooling ring." Assuming characteristic damping length, A, of 62.5 m, the energy 
loss suffered by the muon beam after passing through a 2-cm-long section of an Si 
crystal is equal to 8 MeV. In principle, conventional high-gradient (20-MeV/m) 
acceleration inserts (a 40-cm-long rf insert following every 2-cm-long crystal 
absorber) could be used to replenish the suffered energy loss (0.4 m x 20 MeV/m = 

8 MeV). The proposed cooling ring of 50-fold symmetry would have a nominal 
circumference of 63 meters! 

Our goal is to start with the initial muon phase-space of the nonnalized emittance 
of 2.5 x 10-7 mrad and cool it down to the final emittance of 2.5 x 10-9 mrad. One 
can see from Eq. (10) that to achieve this goal, muons have to pass through the total 
silicon crystal length of 

L = 2 logl 0 x A = 280 m . (1 5) 

In the proposed cooling cell architecture, the total cooling medium (silicon) 
length of L = 280 m is equivalent to about 90 turns of the beam circulation in the 
ring. The lost energy is replenished every M = 2 cm, which satisfies the adiabatic 
re-acceleration condition (M « A = 62.5 m). 

To go beyond the above simple analytic calculation, we are planning to carry out 
realistic computer simulations of planar channeling in bent crystals. One should 
track a charged particle through the distorted crystal lattice with the use of a realistic 
continuous~potential approximation and take into account the processes of both 
single and mUltiple scattering of electrons and nuclei, as well as on various defects 
and imperfections of the crystal lattice. 
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Application To High Energy Cooling: Conclusions 

In this section, we show how crystal cooling for the high energy Jl± beams could 
result in a dramatic decrease in the beam emittance and, therefore, would provide 
high luminosity with a substantially reduced beam intensity and backgrounds of ~± 
in the storage ring. Also, reducing the beam emittance at high energy helps the 
relatively poor low-energy beam cooling. Finally, the lower yield of Jl± reduces the 
required proton current in the Jl± source, thus possibly considerably reducing the cost 
of the overall Jl+Jl- collider. 

We suggest employing ionization energy loss in an alternating focusing crystal 
channel as a cooling mechanism, since initially small muon phase-space allows for 
efficient channeling through long sections of silicon crystal. Ultra-strong focusing 
in a crystal channel combined with alternating bending makes it a powerful focusing 
cell with ultra-small beta function. The cooling equation derived here shows that it 
is quite feasible to reduce transverse emittance by two orders of magnitude. Our 
model calculation done for 25 Ge V muons shows that final emittances as low as 10-9 

mrad are readily achievable, limited only by multiple scattering off the valence 
electrons in the crystal. 

We conclude our study with the following observation: The proposed ionization 
crystal cooling could be used at some later stages of the collider scheme (e.g., for the 
final cooling), because of 'favorable' energy scaling of the relevant cooling 
characteristics, a, A, and E. They can be summarized as foHows: 

a_y-3/2 , (16) 

A-logy , (17) 
and 

E/Jo = Aa - (y-3/2) logy (18) 

Therefore, the proposed cooling mechanism scaled to higher energies looks even 
more attractive. 

CONCLUSIONS 

We have discussed the importance of a low-energy Jl+Jl- collider that will be a 
Higgs factory. We do not believe that there will be any compelling need for a higher 
energy·fl+fl-··collider until the results of the experiments at the LHC are obtained. A 
crucial requirement is to cool the Jl± to a very cold beam temperature. There are 
several ways one might do this, e.g., starting with a friction-cooled, low-energy 
beam. However, we have discussed another method here that uses crystal cooling. 
While this is a long shot, it may be the key to reducing the beam phase-space for the 
precision Higgs collider application. 
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