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Why this Workshop Now?

For most of us, the first reaction to the idea of a Workshop on muon colliders beyond ten TeV is that it must be premature, since we do not yet know how to make a reasonable muon storage ring at any energy.  I have decided that the answer to that concern is a variant of “it is always later than you think.”  To illustrate my reasoning, I refer to a slide I showed in a 1981 talk at an ECFA talk at Oxford on “future accelerators,” Figure 1. The emphasis was on research on novel accelerators and the far future. The organizers arranged a talk by Salam on the physics prospects, which of course was anticipated to be very optimistic.  For balance, they asked me to provide a pessimistic view.  Figure 1 shows my summary of the key physics results at the forefront of fundamental physics and the development of accelerators to ever-higher energies.  The “Livingston Curve” shows the effective accelerator energy increasing exponentially with time.  I also show the energy versus time for natural sources, radioactivity or cosmic rays.  We see that this curve also has increased exponentially with time.  I didn’t have a name for it originally; I now I call it the “Auger Curve.”  

Since the beginning, there has been a competition between discoveries from observation of natural sources and from accelerator experiments.  For example, x-rays were discovered with accelerators and nuclear decay was discovered with radioactive sources, at nearly the same time, just before the start of Figure 1.  The electron and proton were discovered with accelerators; the nucleus was discovered with radioactive sources.  The story continues with the positron and neutron and nuclear transmutations, muons and mesons and strange particles, all discovered from natural sources just a jump before accelerators could get to them.  The antiproton broke the string.  It received more publicity than seems appropriate for its relative significance, and it is a commonplace in our field that this was not only due to its physics significance but due to the relief that all the money spent on the accelerators and their experiments was starting to pay off in simple, easy to explain discoveries.

The last example at this time is the discovery of charmed particles by Niu.  The evidence for the discovery was not really disputed at the time, but the same bias as in the case of the antiproton is perhaps visible in the treatment of the result by the particle physics establishment.  Of course, the power of accelerators in following up on a mere discovery  justifies that prejudice in the cases where that follow up is possible, but will it always be possible?

In the Oxford talk, I went on to relate the sad news that luminosity must go up together with the energy, if we continue to believe that fundamental physics is found at smaller distance scales.  In 1981, that message was not familiar to part of the audience, and they not pleased with it.  The fact that electrons, particularly, are disrupted as a beam and fragmented as particles by interaction with the opposing beam, in a way closely linked to the luminosity of the collisions, was also news to many of my auditors at that time.  The free parameter is beam power, and that soon reaches unpalatable values.  The practical limits for proton colliders as energy and luminosity go up together are well known.  It was not difficult to sketch a pessimistic conclusion for the long-term future.

As addition to the “bad news,” as far as accelerators are concerned (though not for physics!), I pointed out that natural sources are not necessarily finished.  Indeed we have reason to expect to hear from them again.  We know of new scales that certainly contain new physics.  The most relevant is perhaps the Grand Unification Scale of 1015GeV, and it is rather likely that there are new particles with this scale of mass.  Some of these may still be around as “Relics.”  If so, there will be Relic Annihilation or decay at some level, and these events or their products will someday be observed.  Since we do not expect ever to arrive at that energy with accelerators, when that day comes accelerators will no longer dominate the exploration of the frontier of fundamental physics.  This event is shown on Figure 1, with a very large uncertainty on the time coordinate, of course.

My presentation acknowledged that there is still good news for accelerator-based physics, loopholes in the pessimistic arguments.  Resonances, with a favorable width, perhaps lots of them, can drastically change the luminosity barrier at a high energy.  Maybe quantum mechanics is wrong in some favorable way.  Study of large blobs at very high energy density will benefit from high energy at a fixed geometrical cross section.  (I had been promoting the search for quark-gluon plasma since 1979, following suggestions of altering the state of the vacuum I had heard in a talk by Ben Lee, and a very clear paper by T.D. Lee.  This remark was a plug for that activity, mostly lost on my audience, though.)  Especially, I listed ???, that is, things turning up that are completely unanticipated.  Every new accelerator that has substantially raised the available collision energy has made important discoveries.

I also listed the suggestion by Budker, made as least as early as the Kiev Rochester conference in 1970, that one could evade the problems of electron collisions by using muons.  I received two comments privately after the talk.  Salam said good talk, too pessimistic.  Richter said muons are not the answer, since the problems with electrons are only helped with muons by log(m(/me), which I think is surely too pessimistic!

Now some time has passed, and we can judge how events have transpired.  As we feared, it is proving hard to stay on the Livingston curve.  Three frontier accelerator projects have failed to complete in that time, ISABELLE, SSC and UNK.  The LHC has not been completed as rapidly as one hoped ten years ago.  We have not yet seen the approval of a linear collider.  It does indeed take some optimism to see how we are going to get back on that curve.  On the other hand, one is staying on the Auger curve much better than we expected.  Indeed, this very fact constitutes, if verified, an important discovery, since it means that the fundamental limit of the Greisen cutoff has been surpassed.  Any explanation would seem to involved new physics; the most popular being the decay of “nearby” cosmic strings to give super high energy particles.  If this should be the case, we have arrived at the epoch foreseen on my old curve!  It certainly illustrates how this epoch could have arrived.  (Note in this model, the energy of the Relic decay is much higher than that of the observed particle, itself already very high.  I had assumed that this would be the case when I drew the band in Figure 1.)

I cited this history and prophesy to illustrate that it is unwise for the field of accelerator physics for elementary particle physics, to waste too much time in activities that do not advance the energy frontier.  In particular, it is not wise to spend very large resources, and inevitably consume a lot of time as well, on projects that do not advance the energy frontier.  On the other hand, it has been shown unwise to over-reach by making too big a jump in energy beyond the reach of existing accelerators, if the cost thereby distorts the customary funding trend of the field. 

On the basis of that reasoning, we can define the proper next step.  The LHC fixes the energy reach of existing near-term projects.  Its reach is just about 5 TeV in terms of the equivalent center of mass that can be observed.  The size of the right increment in energy cannot be defined precisely, but a factor of about three has usually been found to be big enough, and more than that increases the risk.  An increase of less than three starts to look frivolous in comparison to the resources involved.  The exception would be in cases where there is a known threshold that is thought to be worthwhile.  A case is the Cosmotron/Bevatron pair, where the center of mass difference was not so large, but the Bevatron was chosen to be capable of the production of antiprotons, and turned out to be well suited for the production of strong beams of K- as well.  Attempts to jump by larger factors seem laden with hubris.  This defines the energy of the next frontier to be in the range 10-20TeV, and we may take 15GeV as a good number.  The subject of this study, a 10TeV lepton collider, seems pretty well chosen from this point of view.  Though we may not know how to get there, the recognition that this is our proper goal is helpful, since a heavy commitment to a path that cannot lead to such a facility is not money well spent.  To identify paths that could lead to this end requires that study begin soon.  This leads to this Workshop, and we should consider its results in the light of identifying these paths.  Some intermediate goals are very likely necessary, and will no doubt produce good physics, but we should keep in mind, which aspects of them are on this path, and which aspects are diversions, and try to minimize the diversionary time and resources.

Our Physics Working Group did very well by us

 We are proposing to spend very large resources to enter a new energy regime, and we must at the very least have a sound case that we expect to make discoveries of a magnitude proportionate to the cost.  In practice this means that we are counting on the LHC delivering exciting discoveries that give strong promise of even most important phenomena in a well-defined energy range.  Our Physics Working Group presented a number of attractive theories that are exactly of this character.  If nature is as kind, we will be fortunate.

At the LHC we have an examples of the kind of physics motivation appropriate to the effort required to get the promised results.  The arguments from existing electroweak data for new physics in the LHC range are very strong, though it is surely always possible to find models that can push the new phenomena just over the attainable threshold.  More likely, something like SUSY will turn up.  SUSY is a good example of how we can have experiment-friendly phenomena at very high energies, as seen in the amazing results of simulations of measurements at the LHC showing that one can make many high precision mass measurements despite unseen particles in the final state.  There have been a lot of ideas lately that predict striking phenomena in the energy region near or somewhat above the top reach of the LHC.  These were summarized in the report of the Physics Working Group.  Here are some of my favorites:

· Kaluza-Klein excitations of Standard Model gauge bosons give huge cross sections on broad, multi-TeV peaks with big lepton decay rates.  An interesting feature of this theory is that if LHC should see the lowest state, the next one would lie in the interval above 5 TeV and less than 15 TeV.

· Technicolor (Walking):

· This is needed to avoid large flavor-changing neutral currents in technicolor, with spectral functions not saturated by low-lying resonances;

· It displays a “tower” of vectors, rho, W etc extending up to more than 100 TeV ;

· The lightest is around 1-2 TeV, so they sould be seen at LHC, and the WW and WWZ to be seen at the Muon Collider;

·  Good calorimetry is needed for these states.

· SUSY Messengers, gauge-modified SUSY models have them:

· vector-like heavy “quarks”, “charged leptons,” “neutrinos” + scalar superpartners; 

· 10 TeV up, but get we can get an upper limit from LHC superpartner spectrum and neutralino decay length, which would then give us a target energy for the Muon Collider;

· the charged leptons look like heavy muons;

· the “quarks” hadronize;

· the “neutrinos” show up as missing energy;

· the scalars don’t decay in the detector.

· Flavor changing neutral currents: (( but enough!

Lots of stuff! - - - a common feature is the use of LHC results to show that you need the new high energy and that it will be worth the effort to get it.

What do we know about a 15TeV Muon Collider?

· (This is by no means a summary of the large amount of work presented.)

· Quite a bit is known, but not nearly enough.

· Proton drivers can produce and catch lots of muons in a short bunch, enough to get you in space charge and off-site radiation troubles.

· They can be cooled a lot by ionization, but how much and to what charge density needs much more study.  From what we have heard here, it certainly seems too early to say that we can get small, highly bunched beams of 1012 muons.

· They can be stored for 1000 turns, and rings have been designed to hold impressive charges, at least if extreme low beta is not also required.

· It seems that they can be cooled optically in short times and to a very small emittance.  We should give a ( to Zholents et al, for progress on such an ambitious concept.

We were given a clear message that maintaining 1000 turns in a ring with extreme focusing at an Interaction Region is not simple:

Carol Johnstone:  “an accelerator physicist’s dream, but is it a workhorse?”

A number of ideas to ease this problem have been studied.  It is suggested that we must go to axisymmetric focusing near the IR to avoid the huge betas in the matching sections for the quadrupole focused IR, and the sensitivity and non-linearities that arise for these conditions.  We heard about two of these schemes:

· Plasma lenses give strong first order focusing close to the IR (Cline).

· Auxillary dense beams of electrons give first order focusing (Irwin).

We need more study of these.

An important question discussed in the Workshop was how much current is allowed in a conducting metal used as a degrader for ionization cooling?  When is it not effective in shielding space charge?  Parkhomchuk invoked his data on the limits of current density in two different rings holding protons and cooled by electrons.  His data show that the electron cooling is not sensitive to the relative velocity of the electrons and protons over a wide range.  He used this to argue that the limits on electron cooling are relevant to the ionization cooling parameters.  He showed that his limits are explained in a simple plasma model.  Having established some credibility for this model, he shows that some of the parameter sets for cooling of intense muon beams are well beyond the allowed limits.

No doubt these arguments will receive careful evaluation in the muon collaboration.

· It seems possible that we have to choose: we can have either small beams or big charges.

This worry motivates ideas about working with fewer muons.  There was quite a bit of discussion of beams with fewer muons, but in a tighter focus to keep the luminosity up.  The problem with this is the disruption in the crossing of the beams that will prevent the beams from being captured and refocused back into the storage ring a thousand times. 

· One suggestion was to attempt a compensation of the electromagnetic forces by immersing the crossing point in a dense plasma, really in a wire of low-Z metal that becomes a plasma when the beams arrive. (Skrinsky)

·  Interesting discussions of the backgrounds generated in the detector, blowout of the positive ions during the beam crossing and radiation were given by Telnov.

New Ideas at this Workshop

There was frustration with the problems of maintaining the muons in storage rings for 1000 turns while bedeviled by the sensitivity of the IR dynamics on the one hand and the disruption limit on the other.  The latter limit forces the number of muons to be very large in terms of the space charge limits and the environmental radiation.  The conundrum is sharpened when one considers the parameters of the ultra cool beams of the stochastic cooling design presented by Zholents.  These considerations led Frank Zimmerman to take a look the option of acceleration in a ring and single pass collisions.  This keeps one of the advantages of muons, the ability to stand acceleration in a ring, with large cost advantages over a linear acceleration.  It renounces the other feature, the use of each muon in 1000 collisions.  He points out that the loss is by no means a factor of 1000, since the disruption parameter can be increased greatly, perhaps by a factor of 100 or more.  To get back the standard luminosity of 1035, an increased repetition rate, by ten times in this example, still with a much smaller total number of muons.

The environmental radiation problem may be reduced still farther, since in the multi-pass collider, every muon decays, while in the single pass scheme, only a fraction of the muons decay in the accelerator, and even a much smaller fraction at full energy where they are troublesome.

The crucial difference from single pass electron collisions is that the muon collisions are not yet limited by beamstrahlung in the 10-20 TeV range.

This concept is attractive for the stochastically cooled beams, with small numbers (109-10 muons) and tiny emittance, where getting luminosity with high disruption is allowed.  With fewer muons and the other factors mentioned above, we could envision siting the collider at an existing laboratory.  The stress on the proton driver and target are also reduced.  The cost of the lasers in the cooling ring needs to be evaluated for these parameters.

With fewer muons and the other factors mentioned above, we could envision siting the collider at an existing laboratory.  The stress on the proton driver and target are also reduced.  The cost of the lasers in the cooling ring needs to be evaluated for these parameters.

The Working Group on Experiments 

There were new ideas here too.  They address the two problems of muon colliders; first, the glow of soft electromagnetic radiation leaking in through the necessary gap in shielding looking at the interaction region.  The origin is the flux of high-energy electrons from beam muon decay showering in the shielding.  Second, the muons originating from Bethe–Heitler production of muons by decay electrons.  These are roughly parallel to the beam, but at radial distances from the beam with a broad distribution extending up to meters.  The cure to both is detectors that are to a significant degree blind to particle tracks that do not back to the interaction point, but this property is not in the standard menus of detectors.  This is an interesting challenge for detector fans.  The modest event rate, compared to the GigaHerz at the LHC, gives some space for innovating ideas.

· Rehak proposed a solution tracking charged particles by transverse drift in a projective volume filled with a sensitive liquid.  This gives a large density of charge carriers, and the tracking accuracy could be good enough to meet the requirements of B identification.

· Heusch has emphasized the need for coverage at the smallest possible angle to the beam, in order to handle some exotic reactions such as those in e+-e+ collisions.  Willis suggested to instrument the forward shielding cone with projective, fine-grained and extremely dense calorimetry.  This will allow the extension of coverage to be extended to much smaller angles.  This will not be effective for muons, but will allow the measurement of electrons, photons and hadrons with sufficiently large energy.  The domain in which this is effective depends on an realistic model of the background muon flux and a very detailed model of the detector.  Such a program will be carried out by Iulio Stumer.

Real world Scenarios

· We have learned that even though “$1G is not what it used to be” (Bunker Hunt, asked how it felt to lose $4G) it is not so easy to get many $G for a HEP project.

· A very dull story from the LHC would be a very poor start on an attempt to launch the next machine; fortunately we claim this is unlikely.

· Rizzo, for example, has given us a very fine scenario: a massive resonance (if not Kaluza-Klein, then Z() with 104 events per fb on the mu-mu peak. If we know that, we could build a 1033-34 machine and upgrade later.  Still going for 15 TeV!! That way we could get in business in a finite time.

Conclusions 

· Some important new ideas came up

· Lots of good problems to work on were identified

· The physics ideas look very lively and promising

· The pace of study must be accelerated to settle questions that need to be settled in time to take advantage of the time window opened up by LHC discoveries, around 2010

· I think it particularly important to move on a demonstration of the optical stochastic cooling:  this seems to open a window to such a machine at an existing laboratory

· The development of stochastic cooling, and very small emittance generally, is an activity unrelated to ( beams that require large numbers of muons.  This means that collider R&D must retain a life apart from neutrino beams.  This Workshop and others like it are needed in order to make clear to us what directions to follow.  This answers the question with which I began:  Why Now?
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