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DISCUSSION 

- Ferrara: 
Supersimmetry is a way to have 2 Higgs doublets. Could you comment on the possibility of 

having two Higgs doublets in the Higgs sector and which are the consequences? 

- Bardeen: 
An obvious consequence is the presence of additional Higgs bosons in the physical spectrum 

with specific but model dependant signatures. More generally, two Higgs doublet models were 
proposed by Peccei and Quinn to solve the theta angle problem which predicts the existence of 
axions being associated with the electroweak scale. However, electroweak scale axions were 
eventually ruled out by experiment, which necessitated the introduction of singlet mesons that can 
raise the scale for the axions as weJl as introducing other degrees of freedom. Supersymmetric 
solutions to the strong CP problem usually require a singlet sector as well. Alternative theories have 
also been forced to introduce singlet mesons which have their own problem in terms of how to 
understand them in a natural way. 

- Nath: 
This is like a follow up of Ferrara's question. We know that in supersymmetry with two 

Higgs, you have a nice picture of gauge coupling unification when you extrapolate to high scales it 
comes out essentially for free. In the alternative methods such as the Little Higgs, could you tell us 
what the situation is in terms of the extrapolation of the gauge doublings? Also, how could one put 
this scenario in a grand unification model? 

- Bardeen: 
I would say that the strategy for Little Higgs is not necessarily that ambitious. It attempts to 

solve what is caJled the little hierarchy problem that has to do with resolving the tension between 
precision electroweak constraints and a composite Higgs sector associated with strong dynamics; 
it's sort of opposite from SUSY which stays perturbative. The Little Higgs idea is based on the fact 
that there could be strong dynamics at a scale of order 10 TeV, which then results in a low energy 
effective theory that naturally has a light composite Higgs bosons and nevertheless does not have 
the fine-tuning issues up to the scale of 10 TeV. In general, the original models did not try to 
describe the UV completions, however some of the proponents of Little Higgs models do talk about 
UV completions, and I guess I am not sure of the present status. Generally, these models are more 
complicated in the gauge sector than SUSY -like models, at least doubling the number of 
electroweak gauge bosons. FuJI gauge unification would then require rather large unified groups. 
The original ambition was to understand a little hierarchy problem with an effective theory of 
pseudo-Nambu-Goldstone playing the role of the physical Higgs sector. The difference between 
Little Higgs and the technicolor models, which were originally introduced to address the large 
hierarchy problem, has to do with the fact that the physical Higgs boson is now part of the light 
composite sector. 
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- Brodsky: 
In the conventional Higgs model there is a vacuum expectation value and people say that 

that causes a cosmological constant which is like 60 orders of magnitude too large. Is there any new 
wisdom on this as to how to avoid this catastrophe? Or is it not just right? 

- Bardeen: 
For the Standard Model and as well as most SUSY models, it is not a question that you can 

necessarily ask since there is a parameter in the model that you can simply adjust. Within the model 
itself you must have something that predicts what the vacuum energy is or, which is more 
important, what gravity feels. We seem to see a very small but non-zero cosmological constant that 
is below any scale of particle physics. Even if particle physics produces a cosmological constant, 
gravity may just decide to ignore it. 

- Brodsky: 
... but tuning away something in the order of 60 factor sounds pretty hard ... 

- Bardeen: 
... remember that tuning away depends on your philosophy. Within the Standard Model, it is 

not a question you can ask in the renormalized theory as you just measure it. If you want to say now 
that the bare theory is also defined and has a certain property, then that's a separate issue that says 
that a physical theory is something, but the bare theory is also physical and something else. For 
example, a lot of the infinities that you see in radiative corrections have to do with how you define 
composite operators in an interacting field theory. An example of this happens in a theory with 
scale invariance; you could put in a cut-off to calculate and you find in many cases that you have a 
sum of positive terms which the conformal symmetry says must sum to zero. Calculating by 
introducing cut-offs is not necessarily more physical than the full renormalized theory that you 
actually want to define. My attitude is that if the theory is not self-contradictory, then you may just 
have to live with its apparent instabilities, presuming it can describe the world as we see it. Many 
people are more ambitious. In my talk, I raised a number of classic issues with the Standard Model 
and most of these issues have to do with why a parameter has a particular value. The cosmological 
constant is one of those parameters. 

- Brodsky: 
... if you use light front quantization, rather than equal time, the Higgs does not have a 

vacuum expectation value but rather a zero mode. It is possible that this is more than an innocent 
thing for gravity. I think it's worth exploring. 

- fJardeen: 
It's possible that there are other ways to define theories. The gravity experts will probably 

say more, but I think that space-time field theory cannot survive forever as gravity probably does 
not allow that kind of local description. Before you talked about light front quantization, I 
mentioned that introducing a sort of covariant cut-off in momentum integration is not physical and 
you have to ask what is the UV completion. I tried to make that point when I introduced the various 
cut-off scales in defining the radiative corrections, because you really have to ask how to embed 
this theory in a larger framework to actually predict the values rather than just defining the 
renormalized theory. Is it contradictory that the Standard Model works and that there is a small 
cosmological constant? I don't think that anybody has proved that there is a contradiction. 
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-Kenway: 
Putting aside supersymmetry, most of your other scenarios involve strongly coupled gauge 

theories in some form or another. Is that a threat or on opportunity for theorists? 

- Bardeen: 
We don't know that much about strongly coupled field theories, and in fact the AdS/CFT 

correspondence that people have explored a lot in the past 10 years may be a way of getting at least 
some features of strongly coupled field theories. It gives us some information about what strongly 
coupled field theories are and some of the model building that goes on using extra dimensions is 
actually dual to strongly coupled four dimensional field theories. If we can understand the model 
building in extra dimensions and find some interesting models that describe or introduce new 
physics, even if can't establish the duality it could be related to, and there may be ways people have 
uncovered to make that relationship more specific and more useful. I think we are still at very early 
stages to really understand strongly coupled field theories and mostly up to now, like the analysis of 
technicolor or other theories, they have been based on analogs with QCD, as opposed to directly 
trying to solve strongly coupled field theories. There is a lot of theoretical progress in understanding 
strongly coupling, whether it gets applied to experiments in the end I do not know. 

- Pacetti: 
My question concerns the ratio g-2. How the muon g-2 can be used to test the physics 

beyond the SM and beyond the Higgs? 

- Bardeen: 
At the moment, if you use the pi+-pi- data to estimate the hadronic component of the muon 

g-2, one has the most deviation from the SM, and therefore muon g-2 looks promising as a signal of 
new physics. This global fit for a SUSY model which I presented to you picked out a particular 
solution which was designed to fit g-2 and the dark matter density as well as trying to fit precision 
electroweak data. Supersymmetric models are capable of producing modifications to g-2 as well as 
some other theories that have new particle content in the ranges below a TeV. It's a hint to new 
physics that should be taken seriously. I don't think it's unique to a particular SUSY model; it will 
have to be folded in with what else we discover in the new physics from the electroweak scale to 
the TeV scale. 

- Rothkopf 
Are there any implications for early Universe dynamics for those beyond Higgs models or 

that we might be able to pick up in any cosmology experiments? 

- Bardeen: 
Rocky may be the right person to ask that question to. In general, we are describing low 

energy physics, and there are issues like dark matter in Little Higgs models which may not be 
relevant for the early universe but are relevant to the current astrophysical constraints. Normally 
Little Higgs models that avoid precision electroweak constraints are forced to introduce aT-parity 
symmetry, which I did not have a chance to talk about. The new heavy states are odd under T-parity 
which implies that a stable particle should exist, which could be the dark matter. I must say that 
Chris Hill at Fermilab has questioned whether anomaly contributions could allow those particles 
decay. On the other hand, the proponents of the T-parity and model building onen say that it really 
depends on the UV completion, and nothing definitive can be concluded. The picture of Hill is 
similar to the example of piO decay to 2 photons where the main decay is through anomaly 
interactions, otherwise the piO would be relatively stable. The decays are highly suppressed without 
the anomaly interactions. The T -parity is an issue that has some connection with cosmology, but in 
terms of relevance of other components of the early Universe I'd have to refer to other people. 
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- Ferrara: 
I would like to raise two issues, especially for the students. As Remiddi showed in 1975 g-2 

would be exactly zero in a super-symmetric world. There is a no renormalization theorem which 
tells you that the contribution of the g-2 coming from the superpartner exactly cancels. That has to 
do with the fact that the effective operator which gives g-2 is forbidden by supersymmetry. In some 
sense, g-2 is the more accurate way of studying the supersimmetry breaking and to reveal new 
physics with respect to electrodynamics because of the incredible accuracy with which g-2 is 
measured. The second issue which is related to the renormalization theorem is that the nice beauty 
of SUSY is that the Higgs quartic couplings is not an arbitrary parameter, but is the square of the 
gauge coupling, so in some sense in SUSY the Higgs sector is entangled with the gauge sector, 
which in a non supersymmetric theory is a great embarrassment since you have this Higgs sector 
that you have to write by hand and you must have this new coupling lambda which has to do 
somehow with all these uncertainties about the Higgs mass in a non supersymmetric theory. So 
supersymmetry is not just one of the possible deviations of the SM to have new physics but I really 
believe that LHC will give us very important answers about this symmetry. 

- Bardeen: 
I share your enthusiasm, but I think that Nature will have the final answer on that. Besides, 

we had already two episodes in which we thought that SUSY would be discovered and I think now 
it's the most promising time. There are many things that SUSY is capable of explaining, where 
some of the other possible explanations of physics above the electroweak scale have difficult 
explanation. This does not mean that the other theories are wrong; they may just be more 
complicated. We are at a very primitive stage in understanding strong coupled theories; and it's 
much harder to make predictions, whereas in SUSY it's a weakly coupled theory and that's why, or 
part of the reason why, it has so much attention, as it has tried to answer a lot more of these 
questions. We have to keep an open mind when we go to the LHC on what might be there. 

- Nath: 
g-2 has been discussed a number of times already and I want to add something. Subsequent 

to the analysis that Sergio (Ferrara) and Remiddi did where g-2 vanishes exactly in the 
supersymmetric limit, my colleagues and I did a calculation in which the supersymmetry is broken. 
The very interesting phenomenon that occurs there is that the new contribution is proportional to the 
square of the Fermion mass of which you are computing the anomalous magnetic moment divided 
by the square, which in that case might be weak interaction scale. Now the important thing is that, 
for the case of the muon, that contribution would be much larger than the corresponding 
contribution for the electron, and that's why the muon g-2 is a much more sensitive probe of new 
physics than the electron anomalous magnetic moment. In fact, one can tum the electron magnetic 
moment computation as a sensitive measurement of the alpha and contrast that with the Josephson 
junction value and so on, so that can be construed as a way to test QED at very low energy. But for 
the new physics, the muon anomalous magnetic moment would be much more sensitive. What is 
your feeling on that? 

- Bardeen: 
What you said is the conventional wisdom. 

- Oddone: 
Can you comment on the classes of supersymmetry that are still allowed given the many 

measurements that we have at current energies of decays and so on where we absolutely don ' t see 
any deviations, effectively, for something that we all believe is around the comer and yet is not 
manifesting itself: in the ways that we are able to access it now. 
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- Bardeen: 
Many people expected SUSY easier to discover than it's proved to be because the natural 

region of parameter space would indicate various observable consequences that haven't been seen. 
B decays, for example, are supposed to be a good hunting ground for SUSY and LEP experiments 
expected to see SUSY, as the supersymmetric particles were supposed to be light enough to see. I 
don't think that the full parameter space of SUSY has been that strongly constrained. Constrained 
SUSY models, making a lot of assumptions about what SUSY might be at low energy, rule out 
various regions, and people work very hard to see if they can put bounds on SUSY parameter space. 
But these minimal supersymmetric models do not reflect the full range of supersymmetry - some of 
the most obvious places where SUSY could have been visible have been ruled out by efforts 
experimentally and theoretically. This in no way constrains the eventual fact that SUSY could exist 
and will be discovered very shortly at the LHC or even at Fermilab. It's important to search for 
every possible signal with an open mind, as there are a lot of possibilities. 

- Ferrara: 
On an historical ground it may be interesting to remind that space time supersymmetry in 

string theory was actually discovered after space-time supersymmetry in field theory and even 
supergravity. It was the paper of Olive, Sherk and Schwarz which realized that space-time 
supersymmetry is present in some string models. Even if those models were completely fixed by 
some consistency arguments, the fact that space-time supersymmetry cancels out in some sense to 
make a theory of quantum gravity consistent is really interesting because it gives you the possibility 
of having a UV completion of the low energy supersymmetric model that we are talking about 
nowadays. It is quite remarkable that SUSY came in completely different ways, in completely 
different instances, the issue of stabilizing the hierarchies in field theory and the way of solving 
quantum gravity in superstring theories. 

- Bardeen: 
One comment on that, of course, is that you can say SUSY is a consequence of string theory, 

but low energy SUSY is really a consequence of trying to understand the big hierarchy problem. It 
should not be thought that string theory or supergravity at a high scale necessarily implies that 
supersymmetry is present at a low energy .... 

- Ferrara: 
... What would be in the other way? 

- Bardeen: 
SUSY is a fermionic extension of space-time and therefore it is necessary to embed it 

properly in gravity. You don't just add Einstein gravity, you have to add supergravity in a 
consistent way. However the combination of gravity and supergravity does not necessarily imply 
low energy supersymmetry and a solution to the big hierarchy problem. Models of split 
supersymmetry are examples where supersymmetry is not fully restored until high energy. 


